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 Kurzfassung 
In vielen Anwendungen sind Papier und Karton wegen der hohen Verfügbarkeit, überlegenen 
Umformbarkeit und der hervorragenden Barriereeigenschaften von Kunststoffen verdrängt 
worden. Die Akzeptanz von Verpackungen aus erdölbasierten Kunststoffen nimmt jedoch auf 
Grund der Probleme hinsichtlich Recyclings, Anreicherung von Mikroplastik in den Meeren und 
Deponierung ab. Folglich steigt der Druck auf Industrie und Wissenschaft, nachhaltige 
Verpackungslösungen mit Packstoffen aus nachwachsenden Rohstoffen zu entwickeln und 
einzusetzen. Auf Grund dieser Entwicklungen müssen die Grenzen für die Einsetzbarkeit von 
Papier und Karton in anspruchsvollen Verpackungslösungen neu betrachtet werden. Mit dem 
Umformprozess "Ziehen von Karton" können komplexe dreidimensionale 
Verpackungskomponenten hergestellt werden. Allerdings wird der Prozess von diversen 
Material- und Prozessparametern, sowie Umweltbedingungen beeinflusst und erfordert daher 
systematisches Vorgehen bei Prozessanalyse und Optimierung.  
Ziel dieser Arbeit war die Analyse von Einflussparametern des Ziehprozesses mit 
experimentellen und simulativen Methoden. Dazu ist die Entwicklung von objektiven und 
automatisierten Messmethoden zur Erfassung von Qualitätskriterien der Ziehteile notwendig. 
Unter Anwendung der entwickelten Messmethoden wurden die Einflüsse von 
Prozessparametern auf die Umformung untersucht. Es wurden Messmethoden zur Bestimmung 
von Lage und Anzahl der für den Ziehprozess charakteristischen Falten und für die Messung der 
Formabweichung entwickelt. Darüber hinaus wurde eine statistische Analyse zum Auftreten 
von Materialversagen während der Umformung durchgeführt. Die experimentellen 
Untersuchungen zeigten, dass sowohl das Auftreten von Rissen, als auch die Faltenbildung 
vornehmlich durch die Faltenhalterkraft beeinflusst werden. Jedoch können Faltenbildung und 
Formabweichung durch Erhöhung der eingebrachten thermischen Energie über Beheizung der 
Werkzeuge verbessert werden. Der Energieeintrag konnte durch Erhöhung von 
Werkzeugtemperaturen und durch Reduktion der Stempelgeschwindigkeit erfolgen.  
Im simulativen Teil der Arbeit wurde die Anwendbarkeit der Finite Elemente Methode (FEM) 
auf die Simulation des Ziehprozesses untersucht. Simulationen des Einlaufvorgang des 
Materials in die Ziehbüchse mit einem für die Abbildung von Karton entwickelten 
Materialmodell, welches Orthotropie, elastisch-plastisches Verhalten und die Wirkung von 
Temperatur auf die mechanischen und tribologischen Eigenschaften enthielt, ergaben, dass die 
Stempelkraftkurve in diesem Prozessabschnitt gut abgebildet werden konnte. Darüber hinaus 
wurde die Anwendbarkeit von FEM-Modellen zur Simulation der Faltenbildung untersucht. 
 Untersuchungen des Einflusses von Werkzeugtemperaturen auf die mechanischen 
Eigenschaften und Reibeigenschaften ergaben, dass sich Variationen in der Kraftkurve nur 
durch die Reduktion des Reibkoeffizienten bei erhöhter Werkzeugtemperatur ergaben. Die 
Erweichung des Materials durch Erhöhung der Temperatur führte dagegen nicht zu Variationen 
der Kraftkurve im Einlaufvorgang.  
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1. Introduction 
1 
1 Introduction 
1.1 Background 
A re-evaluation of the data from (United Nations, Department of Economic and Social Affairs, 
2011) lead to the conclusion that the world population is unlikely to stabilize in this century. 
“There is an 80% probability that world population […] will increase to between 9.6 and 12.3 
billion in 2100” (Gerland et al., 2014). This trend will likely be combined with a decline of the 
ratio of working age people to older people. 66% of the population will live in urban areas by 
2050 (2014: 54% are residing in urban areas) (United Nations, Department of Economic and 
Social Affairs, 2014). Consequently, the production and distribution of food and goods is going 
to be an increasing challenge. 
Currently, around 32% of food is lost along the supply chain in Europe. 12.6% is lost at 
consumption, 2.4% in distribution, 3.4% during processing and packaging, 3.5% post-harvesting 
and 10.5% during harvesting (Food and Agriculture Organization of the United Nations, 2017). 
Even though packaging, processing and distribution are not the largest contributors to food 
waste, there is still large potential to optimize the supply chain. Furthermore, improvements in 
packaging and processing could increase the storage and shelf life and lead to a massive 
reduction of the losses at the consumer. According to the Food and Agriculture Organization of 
the United Nations, the main systemic challenge to eradicate food insecurity and malnutrition 
is to “make food systems more efficient, inclusive and resilient” (Food and Agriculture 
Organization of the United Nations, 2017). Improvements in packaging and processing are 
essential parts in the process. 
Besides the positive impact of advances in packaging technology, waste disposal, recycling 
processes and accumulation of microplastics are the consequences of the increasing use of 
packaging. “Waste is a global issue. If not properly dealt with, waste poses a threat to public 
health and the environment” (United Nations Environment Program, 2015). Paper and 
paperboard represented 45.7% of packaging waste in Germany in 2013, 16.8% were plastics, 
followed by 16% of glass and wood. Germany has the highest municipal waste recycling quota 
of all European countries (European Environment Agency, 2016). 88.2% of the 7.8 million tons 
of paper and paperboard waste and only 49.4% of the 2.9 million tons of plastic waste were 
recycled. Therefore, using paper and paperboard is favorable with respect to recycling and the 
waste processing. Additionally, consumers perceive plastic to be the least environmentally 
friendly packaging material (65% of Swedish consumers). As a comparison, only 4% of the 
consumers regarded paper to be the least environmentally friendly packaging material in the 
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same study (Innventia AB, 2013). Despite the advances in recycling systems, there is still a need 
for recyclable alternatives for plastic packaging components that are produced using renewable 
resources.  
Paper and paperboard have large potential to provide an ecological preferable alternative. But 
while plastic materials can be easily formed into complex shapes, paperboard has more 
limitations in forming processes. The process "deep drawing of paperboard" can be used to 
form paperboard into three-dimensional open cups. The process has been developed more 
than a century ago (Carl David & Sohn, 1894; Gossweiler, 1908) and major scientific 
investigations have been conducted by (Scherer, 1932) and (Heinz, 1967, 1966). However, the 
superior formability and the properties of plastic materials lead to the substitution of deep 
drawn packaging components in many applications. Recent progress and the use of modern 
process controls improved the optical quality, increased the maximum height of the cup and 
facilitated the production of more complex shapes (Hauptmann, 2010).  
1.2 Research problem 
The deep drawing of three-dimensional packaging components made of paperboard is a highly 
complex process which is influenced by dozens of material, process and environmental 
parameters. The number of parameters and their interactions require a systematic approach 
for analysis of the process, construction of new tools and optimization of material and process 
parameters for industrial production. However, the process area is hardly accessible, the 
possibilities to measure or observe the deformation of the material during the process are 
limited and certain aspects of the deformation are difficult to reproduce in substitute testing 
procedures. Furthermore, the material shows highly non-linear behavior in its mechanical 
reaction, friction behavior and interaction with environmental conditions.  
The construction of tools and determination of optimal process parameters is currently a time-
consuming experience-based procedure that requires more and more time and resources as 
the geometry of the tools is getting more complex. Methods and tools are needed to support 
the engineers and operators during the construction and production phase. Similar and 
potentially adaptable methods have already been developed and implemented in closely 
related fields of research. FEM-Simulations (Finite Element Method) are nowadays a standard 
tool to ensure the best possible quality while reducing the number of necessary iterative steps 
in the construction. 
However, the simulation of complex forming processes with paperboard is not developed to a 
comparable extent. Even though several material models have been developed, the models are 
mostly not yet implemented in commercially available FEM-software. Additionally, the complex 
and non-linear relationships with temperature and moisture content have only rarely been 
modeled and simulated. Furthermore, the deep drawing process has unique states of stress and 
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deformations. It is unknown whether and to what extent the methods can be applied and 
adapted to the specific requirements of the deep drawing process with paperboard.  
In preparation to the application of simulations, methods for the validation must be developed. 
Additionally, boundaries and limitations for the use of FEM-simulations have to be examined. 
Finally, the direction and the potential of further development of FEM-models for the 
simulation of the deep drawing process must be evaluated.  
1.3 Objectives and outline of the thesis 
The aim of this thesis is the analysis of the influence of process, material and environmental 
parameters in the quality of deep drawn packaging components using experimental and 
simulative methods. The underlying assumption is that simulations can be used for optimization 
and development of the tools and the process, and as a method to gain insight in the 
constitutive relationships and interdependencies of parameters and the deformation behavior 
in the process.  
A fundamental part of the simulations is the development of methods for the validation of the 
results. Additionally, experimental investigations are needed to determine the importance of 
specific aspects of the process and the direction of development of the models. Consequently, 
this thesis is separated in an experimental and simulative part. Shape accuracy, the formation 
of wrinkles and the occurrence of ruptures are criteria that can be used for the validation. The 
most obvious method for validations – measurement of the punch force – has been extensively 
studied in (Hauptmann, 2010).  
The simulative part of the thesis is aimed towards investigating the applicability of FEM-
simulations for deep drawing of paperboard. A material model that considers the influence of 
temperature and moisture content on the mechanical properties is presented and tested. The 
limitations of the predictive power of the model are analyzed and recommendations for the 
further development for the simulations of various aspects of the process are given.  
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2 Literature review 
2.1 Forming of paperboard 
2.1.1 Categorization of forming processes 
Forming and casting techniques can be used to produce three-dimensional packaging 
components made from paper and paperboard (Table 1). Egg containers are a well-known 
example for a packaging made by a casting technique: pulp moulding. Other casting processes 
are foaming and injection moulding. The material structure that originates from the casting 
process has specific advantages for several packaged goods. It provides for example good 
damping against impact loads. This enables the packaging to fulfill its primary function: 
protecting fragile goods against stresses during transportation, storage and distribution. 
Furthermore, complex forms of the packaging can be realized and boundaries for the possible 
geometry are mainly set by the necessity for the demoulding after the forming process. The low 
quality of the surface cause severe restrictions of the printing on the three-dimensional 
container after the casting process and therefore hampers the communication function of the 
packaging. The high energy consumption due to thermal drying prevents the application of 
casting techniques for many other packaged goods.  
Table 1: Categorization of forming and casting processes of paper and paperboard, adapted from 
(Hauptmann, 2017). 
Category Process 
Casting Pulp moulding 
Foaming 
Injection moulding 
Forming 2D Forming Creasing Folding 
Winding 
Tube forming 
3D Forming Large deformation Pressforming 
Hydroforming 
Deep drawing 
Small deformation Embossing 
Flanging 
Compressing 
Forming processes can be generally categorized in 2D forming processes and 3D forming 
processes. In 2D forming processes, the material is bent around or along a straight line 
(Hauptmann, 2017). In 3D forming processes, the material is formed around or along a three-
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dimensional curve, structure or contour. These processes can be further divided into the sub-
categories of large and small deformations, whereby the boundaries of the sub-categories are 
not firmly defined.  
This thesis aims to gain insight in the deep drawing process by application of experimental and 
simulative process analysis. But methods and procedure for the experimental and simulative 
investigation of forming processes have already been developed for pressforming and 
hydroforming. Consequently, these closely related forming processes and recent scientific 
advances will be examined in detail. Other forming processes, like winding and flanging, are 
currently not subject of major scientific investigations and shall therefore not be further 
considered herein.  
The development of simulation of paper and paperboard has been driven by investigations into 
creasing and folding, due to the economic importance of this widely applied forming process. 
Creasing is used to create an artificial, local and mostly linear weak area to locally reduce the 
bending stiffness for the subsequent folding process. Additionally, creasing induces shear 
stresses which lead to local plastic shear deformations and enable the material to delaminate 
during the folding process. Without creasing, it is not possible to create a sharp and defined 
edge of a folding box. Winding can be used to form cylindrical or conical hollow shapes. Closed 
packages can be produced by adding lids or caps. Three-dimensional hollow shapes made from 
a sheet of paperboard can also be produced with the deep drawing process. First patents for 
this process have been published in the beginning of the 20th century, for example in 
(Gossweiler, 1908). 
 
Figure 1: Comparison of the 3D forming processes hydroforming (a), pressforming (b) and deep drawing 
of paperboard (c), reproduced from (Hauptmann et al., 2015). 
Deep drawing is defined as a forming process for the production of three-dimensional, open 
and stable hollow shape made from paper or paperboard with perpendicular cup walls (Hesse 
and Tenzer, 1963; Scherer, 1932; Tenzer, 1989). The process variants hydroforming (a), 
pressforming (b) and deep drawing(c) are outlined in Figure 1. Compressed air or a fluid is used 
in hydroforming to expand a membrane which presses the paperboard into a closed forming 
cavity (Östlund et al., 2011). A very high pressure can be applied with the blankholder to 
prevent the material from sliding into the forming cavity. In this case, the forming is mainly 
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realized through elongation of the material. Alternatively, a lower pressure can be applied to 
allow the material to slide into the forming cavity. The result is typically a rather shallow tray 
and the angle between the tray walls and the bottom deviates significantly from a right angle. 
Hydroforming is closely related to thermoforming of plastic materials (see (Schwarzmann, 
2016)).  
A punch (also denoted male die) is used to induce the change of shape in pressforming. A 
similarity between press-forming and hydroforming is the closed forming cavity (also denoted 
female die). Punch and forming cavity have a conical shape and the angle between the cup wall 
and the bottom also deviates from 90° in this process variant. In deep drawing, the paperboard 
or formed around an infeed radius into a straight prismatic die. After the material is formed 
around the infeed radius, compression between punch and die can occur and the free length of 
the material is consequently restricted to the area of the infeed radius.  
2.1.2 Hydroforming 
Hydroforming of paperboard is closely related to the process thermoforming of plastics in 
negative forming as described in (Schwarzmann, 2016). The material is pressed into the forming 
cavity with a membrane which is moved using compressed air or a fluid (Figure 1 a)). Two 
different variants of the process can be distinguished. Firstly, the blankholder can be set to 
apply a controlled pressure and let the material slide into the forming cavity (free boundary 
condition). Secondly, the blankholder can apply a pressure that does not allow the material to 
slide into the forming cavity (fixed boundary condition) (Huang and Nygårds, 2012). The 
forming depth, especially for the case of a fixed boundary condition, is mainly depending on the 
extensibility of the material. Consequently, improving the extensibility is the most prominent 
approach to optimize material for the process (Vishtal and Retulainen, 2014a, 2014b). Various 
methods to improve the extensibility of paper and paperboard through treatment of fibers, 
fiber bonds and the network structure (Zeng et al., 2013) are presented and discussed in 
(Vishtal and Retulainen, 2014b).  
The temperature of the forming cavity and the moisture content affect the achievable forming 
depth (Linvill and Östlund, 2016a) and the spring back after the process. The extensibility of the 
material can be significantly improved with a moisture content of 20% to 35%, so that 
hydroforming of copy paper with 80 R %⁄  is possible without ruptures (Östlund et al., 2011). 
(Linvill and Östlund, 2016a) state that the temperature of the forming cavity has a larger 
influence on the achievable forming depth than the moisture content of the paperboard in the 
evaluated range of the parameters. Paperboards made from long fiber softwood pulp show a 
better formability than those from short fiber hardwood pulp (Östlund et al., 2011). The 
formation of wrinkles usually only occurs when the pressure of the blankholder allows the 
material to slide into the forming cavity (Huang and Nygårds, 2012). (Groche et al., 2012) 
achieve samples without ruptures and wrinkles by controlling the blankholder force. The 
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forming depth in these experiments is 13 mm. The raw material is a softwood kraft pulp, 
beaten to a freeness of 25°SR (Schopper-Riegler). A reduction of the probability for the 
occurrence of ruptures and wrinkles can be observed when the moisture content is decreased 
from 20% to 15%. 
2.1.3 Pressforming 
The main difference of pressforming and deep drawing is the geometry of the punch and the 
forming cavity. Both tools have a conical form in pressforming and the forming cavity is closed 
at the bottom. As a result, a cup produced with pressforming cannot have vertical walls and the 
material that forms the cup wall moves unsupported during the process as long as the punch 
has not reached its final position (Figure 1 b)). Since wrinkles form in these areas without any 
contact to the tools, controlling the formation of wrinkles with process parameters, like 
temperatures of the tools, is difficult. Therefore, creasing lines are used in the cup wall to 
achieve uniform distances between the wrinkles and a good optical quality (Leminen et al., 
2013; Tanninen et al., 2015). The creasing lines are local weak spots of the material where the 
formation of wrinkles is facilitated. The most prominent parameters of the process are the 
temperatures of the tools, blankholder force, pressing speed and the moisture content. 
(Tanninen et al., 2014) claim that the pressing speed is more relevant concerning the 
occurrence of ruptures than the force applied by the blankholder. The shape accuracy is mainly 
affected by the temperature of the tools and the dwell time (the duration for which the punch 
applies pressure and the form is completely closed). Increasing the temperature of the tools 
results in an improved shape accuracy. The temperature is mainly limited by the temperature 
resistance of coating layers (Tanninen et al., 2016, 2014). Furthermore, the temperature has 
influence on the force that has to be applied by the punch to draw the material into the 
forming cavity, because the coefficient of friction and material properties like stiffness are 
sensitive to changes in the temperature (Tanninen et al., 2017). Various process variants and 
shapes of containers made by pressforming have been patented, for example in (Andersson, 
1976; Hain, 1982; Morris and Siegele, 1977). 
2.1.4 Deep drawing of paperboard 
2.1.4.1 Deep drawing process 
At the start of the deep drawing process (Figure 2, top left), the blank is brought into the 
process area by being placed on top of the die (the forming cavity will be denoted "die" for 
deep drawing). Subsequently, the blankholder is moved down onto the blank and applies a 
defined pressure. The pressure can be controlled during the forming process (Hauptmann, 
2010; Hauptmann et al., 2016) to influence the quality of the cup. The heated punch then 
moves with constant or varying speed downwards and moves the paperboard through the 
heated die.  
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The pressure of the blankholder allows the material to slide into the die. After being bended 
around the radii of punch and die, the material is moved in the gap between punch and forming 
die. The material is usually compressed between punch and die. Afterwards, the formed cup is 
moved further downwards out of the die. Residual stresses in the material lead to spring back 
and subsequently a slight widening of the edge of the cup. When the punch moves back to its 
original position over the die, the cup is stripped off the punch at the lower edge of the die.  
Then, the cup can be removed from the process area and fed into the machines performing the 
following forming, filling and sealing steps of the packaging process. An additional heated 
calibration cavity can be placed below the die. Additional drying and conditioning in the 
calibration cavity can improve the shape accuracy of the cup (Hauptmann, 2010). Defects or 
weaknesses of the forming process can be reduced or covered by application of the calibration 
cavity. The result of the forming process is a three-dimensional packaging component that can 
subsequently be complemented with a sealing rim and a lid, or embossed geometries to 
produce a closed container. Additional functions of the packaging can be made possible by the 
application of functional layers, like sealing layers and barrier coatings (Hauptmann et al., 
2012). The final product of the deep drawing process is shown in Figure 3 on the right side. 
 
Figure 2: Process sequence of deep drawing of paperboard. 
Characteristic stresses and deformations are induced in the material when it is moved around 
the radius of the die. The reduction the circumference of the cup wall in convex sections of the 
form leads to the excess material that can be depicted by characteristic triangles in Figure 3 on 
the left side. Compressive in-plane stresses result from the excess material. Low in-plane 
stresses lead to compression, but as the material gets drawn into the die the in-plane stress 
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increases. Finally, instability occurs under the in-plane compression and the formation of 
wrinkles begins. 
  
Figure 3: Left: characteristic triangles. Right: Wrinkles on a deep drawn sample (Linvill et al., 2017) 
This characteristic behavior is known from deep drawing of sheet metal, but it is considered to 
be a quality defect and can be avoided due to the extensibility and formability of sheet metal 
(Doege and Behrens, 2010). The formation of wrinkles cannot be avoided in deep drawing of 
paperboard when the ratio of cup height to diameter exceeds approximately 0.3 (Hauptmann 
et al., 2015). Aim of the process control is the formation of small and evenly distributed 
wrinkles, since big winkles can reduce the optical quality of the cup (Hauptmann, 2010). The 
formation of wrinkles leads to a local thickening of the material. Consequently, compression 
between punch and die can occur locally, even when the gap between punch and die exceeds 
the material thickness.  
Excess material has to be compressed in convex form sections. A different state of stress is 
induced by concave form sections. Here, the material has to be stretched to compensate a local 
shortage of material. Consequently, the extensibility of the material is the most important 
factor which limits the drawing height in concave form sections (Hauptmann et al., 2014). 
Multiple parameters have influence on the deep drawing process. The parameters can be 
grouped in three main categories and several sub-categories: 
1. process  
• main process parameters (e.g. blankholder force, tool temperatures) 
• geometry of the tools (e.g. infeed radius, conicity of the punch) 
2. material  
• Structure (e.g. porosity) 
• Rheological properties (e.g. bending stiffness) 
3. environmental influences 
• temperature 
• ambient relative humidity 
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A table with the most important parameters is given in Appendix 4. The influence of those 
parameters must be understood to enable the production of packaging components with a high 
quality.  
2.1.4.2 Quality criteria and measurement 
The main quality criteria of deep drawn cups are defined in (Hauptmann, 2010): 
• shape accuracy, 
• shape stability and  
• optical quality. 
The shape accuracy is divided in (Hauptmann, 2010) into a spring-back angle and deflection of 
the shape from the required geometry (Figure 4). In order to acquire objective measured values 
for the shape accuracy, a first simple measurement method utilizing manual image acquisition 
and manual image processing is introduced in (Hauptmann, 2010). However, this method 
contains several potential sources of errors due to the influence of the operator, a low 
precision and is time-consuming.  
Additionally, a method to measure the shape stability is introduced in (Hauptmann, 2010). 
(Hauptmann, 2010) assumes that the shape stability is mostly depending on the ability of the 
wrinkled parts of the flange to withstand tensile loads perpendicular to the direction of 
wrinkles. In order to gain objective measurements, (Hauptmann, 2010) cuts section out of the 
flange of deep drawn samples and performs tensile tests.  
 
Figure 4: Definition of the shape accuracy using spring back angle and deflection. Reproduction from 
(Hauptmann and Majschak, 2011).  
The initial slope of the force-extension curve is assumed to give an indication about the shape 
stability. However, the sample preparation and measurement contain sources for error due to 
operator influence. Consequently, a crush test for deep drawn samples is developed in (Löwe et 
al., 2017a). The edge of the cup is inserted into a circumferential groove to induce a buckling 
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failure of the flange. This test gives an indication of the stability of samples under loads like 
those that occur from stacking.  
The optical quality can be reduced by several different forms of defects. (Hauptmann, 2010) 
describes earing at the edge of the flange, blackening due to abrasion under high compressive 
force, and a poor and uneven distribution and formation of wrinkles. (Hauptmann, 2010) uses 
digital microscopy to manually measure the distances between wrinkles. However, the 
operator influences the results of the measurement, the samples have to be destroyed during 
preparation for the measurement and the measurement is a time-consuming process. (Müller, 
2012) uses laser distance measurement to determine the distance between the fixed laser and 
the rotating sample to measure the surface profile of the wrinkled flange. Filtering and 
automatic data analysis is used to locate wrinkles in the surface profile. 
The method is found be fast and reduces the influence of the operator, but the definition of the 
criteria for the detection of a wrinkle in the measured profile and the validation of the results 
show to be major issues of the method. (Löwe et al., 2017a) uses confocal laser sensor in a 
setup similar to (Müller, 2012) to measure the surface roughness of the samples and 
determines the smoothing effect of ultrasonic oscillation of the deep drawing tools on the 
surface of the flange.  
2.1.4.3 Scientific advances in deep drawing 
Extensive scientific investigations of the process have already performed by Scherer more than 
80 years ago (Scherer, 1932). Scherer examines a process variant in which in the blankholder is 
placed in a fixed position above the die before the punch moves the material in the die. 
Therefore, pressure in the material by the blankholder is only applied due to the thickening of 
the material and the resistance against the bending around the radius of the die. Scherer 
investigates the mechanism of wrinkling, its influence on the curve of the force applied by the 
punch and the limits of forming. Additionally, Scherer (1932) proposes to induce local 
weakening of the material, for example through creasing, to control the formation of wrinkles. 
(Heinz, 1966) investigates the influence of various process parameters, for example pressure in 
the drawing gap, moisture content and tool temperature, on the quality of formed samples and 
provides instructions on how to react to insufficient quality. Furthermore, relationships 
between moisture content, tool temperatures and the processability are given. The punch force 
curve is examined and separated in a friction and a forming part in (Heinz, 1967).  
A modern servo-hydraulic driven testing machine for deep drawing is used in (Hauptmann, 
2010) and (Hauptmann and Majschak, 2011) to investigate the process, the influence of various 
parameters and improve process control (Figure 5). The new possibilities for the control of the 
blankholder force and advances in the control of the movement of the punch enable a 
significant improvement of the quality of the deep drawn cups. Furthermore, the ratio of cup 
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height and diameter is increased up to 0.63. The formation of wrinkles can be precisely 
controlled by variation of the blankholder force during the infeed process of the paperboard in 
the die (Hauptmann et. al, 2016). 
 
Figure 5: The deep drawing test rig at TU Dresden. 
The occurrence of quality defects, like local blackening, uneven formation of wrinkles, blistering 
and ruptures, are analyzed and connected to specific process parameters (Hauptmann, 2010). 
Quality criteria are the distance between wrinkles, the standard deviation of the distances 
between wrinkles, spring back and deflection of the flange. Additionally, (Hauptmann, 2010) 
analyzes the relationships between quality criteria and process as well as material parameters. 
Regression analyses are performed for the parameters of influence blankholder force, sum of 
tool temperatures, difference of tool temperatures, moisture content of the material and 
grammage. The blankholder force is the most prominent process parameter of influence for the 
formation and distribution of wrinkles. Furthermore, moisture content and grammage affect 
wrinkling. (Hauptmann et al., 2015) find that the pore volume is the most prominent material 
parameter affecting the formation and distribution of wrinkles. The in-plane compressive 
stresses lead to a compaction when the material has a high pore volume. The formation of 
wrinkles starts when the compressibility of the material is exploited and therefore wrinkling 
starts at a greater cup height when the material is more compressible. The pore volume can be 
increased with long and stiff fibers (Hauptmann et al., 2015). Similar effects can be achieved 
with a smooth treatment of the fibers in the refining process and reduced wet-pressing. The 
treatment in the refining process has additionally influence on mechanical properties. The 
results in (Hauptmann et al., 2015) show that neither a high strain at break nor high tensile 
strength are necessary for a good applicability of a material in the deep drawing process. A 
relationship between a low bending stiffness index (bending stiffness with regards to material 
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thickness) and a good formability is found. Consequently, the applicability of a material in the 
deep drawing process is not determined by stiffness or extensibility, but rather by the ability to 
internally deform under the tensile, compressive and shear stresses of the process (Hauptmann 
et al., 2015; Vishtal and Retulainen, 2012). 
(Vishtal and Retulainen, 2012) analyze the mechanical and thermal stresses during the deep 
drawing process and connect different forms of defects and quality deficiencies to specific 
causes. Dynamic coefficient of friction, compressive strength, compressive strain, elastic strain 
and stiffness are correlated in (Vishtal et al., 2013) to the mean distance between wrinkles. A 
high dynamic coefficient of friction, low compressive strength, a low compressibility, a low 
elastic strain and a high stiffness are found to produce lower mean distances between the 
wrinkles.  
Further influence on the behavior of the material in the deep drawing process can be gained 
using multiple filler materials and additives. For example, AKD and cationic waxes can be used 
to reduce the ability of the fibers and act like a debonding agent. This reduces the rigidity of the 
fiber network, increases mobility of the fibers and allows for more internal deformation. 
Furthermore, mechanisms for the formation of new fiber-fiber bonds after the process can be 
facilitated (Hauptmann et al., 2015). The shape accuracy is depending on the sum of tool 
temperatures and the surface related mass. The work applied by the punch during the process 
is depending on moisture content and surface related mass (Hauptmann, 2010).  
(Schult et al., 2012) propose to combine the processes hydroforming and deep drawing in order 
to form more complex shapes in one process step. According to (Schult et al., 2012), 
pressurized air could be used to expand the wrinkled cup wall after the initial deep drawing 
process step. Alternatively, a rubber membrane could be included into the punch and 
expanded using air or compressed fluids. The excess material in the flange, which leads to the 
formation of wrinkles results in a high extensibility of the cup wall (Hauptmann and Majschak, 
2011). Consequently, (Schult et al., 2012) expect a significant progress by combining the 
advantages of hydroforming and deep drawing. (Löwe et al., 2017b) investigate the potential of 
ultrasonic vibrations of the die in deep drawing of paperboard. Axial and radial vibrations of the 
die are induced and lead so a significantly smoother surface of the flange. Furthermore, the 
punch force is found to be reduced up to 80% with ultrasonic vibrations. The effect of 
ultrasonic vibrations on the quality of the deep drawn cups are investigated in (Löwe et al., 
2017a). Shape stability and shape accuracy are found to be improved by ultrasonic vibrations of 
the die. However, the construction of the tools is significantly more complex, non-round shapes 
are not tested and the costs for the forming tools increase when ultrasonic vibrating tools are 
used.  
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2.2 Mechanical properties of paper and paperboard 
2.2.1 Microstructure of paper and paperboard 
The macroscopic mechanical properties of paper and paperboard can be attributed to its 
microscopic structure. Macroscopic stress is internally transferred to a stochastic network of 
fibers and inter-fiber bonds. This makes paperboard a highly complex composite material that 
can have widely differing properties depending on the choice of the type of fibers, parameters 
of the production process, fillers and additives, and the structural composition.  
Paper consist of wood fibers that are chemically and mechanically processed. The fibers can be 
categorized in two groups depending on the type of wood. Softwood fibers have a length 
between 3-3.6 mm and are 25-60 µm wide. Hardwood fibers are only between 0.9 mm and 
1.5 mm long (Biermann, 1996a). A longer fiber can be connected in the network to several 
fibers and therefore increases the strength of the material. However, paper made from 
hardwood fibers generally has a smoother surface and can therefore be better suited for 
printing and coating. The fiber itself has a complex structure, consisting of several layers of 
helically wound microfibrils with the lumen in the center (Figure 6, left).  
The fibers are separated in the pulping process to produce softwood chemical pulp, hardwood 
chemical pulp, mechanical pulp, thermomechanical pulp (TMP) or chemithermomechanical 
pulp (CTMP) which are then combined to produce paper and paperboard with the required 
properties for the multiple applications (Biermann, 1996b).  
  
Figure 6:Left: Structure of a single fiber, adapted from (Ebner et al., 2016). Right: Cross-section of 
paperboard. Source: PTS 
An important step during the pulping process is refining, where the fibers are mechanically 
macerated or cut (Biermann, 1996c). Fibers can be modified, depending on the type of refiner, 
the geometry of the refiner plates and the refining energy. 
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The refining process can be controlled to induce primarily fiber brushing, fiber cutting or 
fibrillation, and consequently influence web strength, porosity, smoothness, compressibility 
and various other mechanical, optical and structural properties. The properties of single fibers 
vary based on the microfibril angle in the fiber, local defects of the fiber, the tree species, the 
moisture content, the fibers position in the tree and the pulping process. (Mark, 2002) provides 
an extensive literature review to these aspects. Recently, the mechanical response of single 
fibers has been measured with micro-robotic devices (Saketi et al., 2010). However, “the most 
serious problem in the microscopic analysis of paper properties is the lack of real, measured 
data on the fiber properties” (Niskanen, 2012). 
When the properties of fiber bonds are determined experimentally, different modes of loading 
have to be considered. Bonding energy of singular fiber bonds are measured in (Fischer et al., 
2014). (Hirn and Schennach, 2015) compare those bonding energy to the theoretically 
obtainable energy of different bonding mechanisms. Van-der-Waals forces, hydrogen bonds, 
Coulomb forces, capillary forces and mechanical interlocking are analyzed. Study by (Hirn and 
Schennach, 2015) “revises the prevalent notion of hydrogen bonds as the most relevant 
bonding mechanism”. It shows that the potential binding energy of hydrogen bonds is 
comparably low and insufficient to explain the measured energy dissipation when fiber bonds 
are breaking.  
During the production of paperboard, a fibrous suspension is sprayed on a moving wire and is 
mechanically and thermally drained and dried. The fibers align mainly in the direction of the 
production due to the continuous character of the production process (Bos et al., 2006). 
Furthermore, the fibers are generally longer than the thickness of the paperboard, which 
ranges for deep drawing between approximately 300 μm and 500 μm. Therefore, the fibers also 
mainly align in the plane of the sheet.  
 
Figure 7: Definition of the main coordinates. 
This causes different material properties in the machine direction (MD) and the perpendicular 
directions, cross direction (CD) and out-of-plane direction (z direction, ZD) (Figure 7). 
Paperboard of the above-mentioned thicknesses consists usually of several layers. Top and 
bottom layer provide good optical properties and a smooth surface for coating layers and 
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improved printability. Furthermore, the outer layers are stiff to increase the bending stiffness 
which is especially important for folding boxes (Ristinmaa et al., 2012). The inner layers are 
usually bulky to generate a high volume with low priced or recycled fibers to reduce costs.  
Fillers are used to improve printability and decrease costs. Pigments are added to increase 
opacity and brightness (Biermann, 1996d). Calcium carbonate, titanium oxide or clay are 
common fillers and replace 10% to 30% of the comparably expensive fibers. However, fillers 
also reduce the number of fiber bonds and interfere with the load distribution of the fiber 
network. Therefore, fillers can worsen the mechanical properties of the paperboard (Biermann, 
1996d). Chemical additives are used to control and improve specific properties of the paper, for 
example optical properties using dyes and brighteners. The resistance to penetration of liquids 
can be controlled with internal or surface sizing, using alkyl ketene dimer (AKD) or 
alkenylsuccinic anhydride (ASA). Other additives are retention aids, formation aids, drainage 
aids or defoamers (Biermann, 1996d). Finally, additional coating layers, for example lacquers or 
polymer coatings can be applied to provide barrier properties, sealability or protection against 
abrasion. 
2.2.2 Tensile behavior 
The complex states of stress and the material deformations that occur during the deep drawing 
process call for an intensive analysis of the stress-strain behavior of paperboard in different 
mechanical loading situations. A typical stress-strain curve for paperboard is displayed in Figure 
8.  
 
Figure 8: Stress-strain curve in MD and CD with loading and unloading. 
The progression of the stress-strain curve exhibits a nearly linear slope under small loads. A 
significant curvature appears especially in CD when the stress increases. During unloading the 
curve is approximately parallel to the initial slope of the curve during loading. A considerable 
hysteresis appears during cyclic loading and unloading. Rupture occurs when the stress is 
increased over the tensile strength of the material. The characteristic of the stress distribution 
on a micro-mechanical scale is exceptionally complex (Niskanen, 2012). External loads are 
transferred by fiber bonds on individual fiber segments. At small loads, fibers that are exposed 
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to residual stresses which emerge from the shrinking in the drying process carry most of the 
load (Niskanen, 2012). The network structure changes under the mechanical load and further 
fibers are activated and start to carry loads. Due to inhomogeneous distribution of fibers, there 
are areas of low and high stiffness. Areas of low stiffness experience higher strains while areas 
of high stiffness carry higher loads (Alava and Niskanen, 2006). There is a smooth transition 
from recoverable elastic deformation to irreversible plastic deformation of the network when 
the loads are increased above the yield strength of the material. In-plane transversal 
contraction can be observed under tensile loads (Paetow and Göttsching, 1990). Creeping 
occurs under constants loads below the yield stress. Under a constant load, the strain steadily 
increases and when the strain is kept constant, a reduction of the stress can be observed 
(Haslach, 2000). The determination of the in-plane mechanical properties is standardized in 
(DIN EN ISO 1924-2:2009-05, 2009). Usually, tensile strength, strain at break, tensile energy 
absorption (TEA) and E-modulus are used to characterize the mechanical behavior. E-modulus, 
tensile strength and strain at break are depending on the strain rate. Tensile strength and E-
modulus increase with the strain rate. On the other hand the strain at break is reduced with 
increasing strain rate, since the material displays a more brittle stress-strain behavior 
(Gustafsson and Niskanen, 2012). The relationship between increase in the strength and the 
strain rate is usually described as logarithmic. The edgewise compressive strength increases 
about 7.5% for each tenfold increase in the loading rate (Moody and Koning, 1966).  
2.2.3 In-plane compression 
In-plane compression occurs in deep drawing due to the reduction of the diameter when the 
material is drawn into the die. In the initial phase of the process, the material is compacted, 
and the process can be performed without visible defects of the material structure. Finally, the 
in-plane compressive stress exceeds the stable condition and the formation of wrinkles is 
initiated. The amount of stable in-plane compression is depending on the porosity of the 
material (Hauptmann et al., 2015). 
In-plane compression tests are performed using Short-Span-Compression Test (SCT, (DIN 
54518:2004-03, 2004)) or the Ring-Crush Test (RCT, (DIN 53134:2005-04, 2005)). Other 
procedures, like the Long-Span-Compression Test (LCT), use vacuum cups, blades or support 
plates to prevent buckling. Examples are presented in (Fellers and Donner, 2002), (Gunderson, 
1983) or (Hufenbach et al., 2012). The sample size in the LCT is larger than in the SCT. 
Therefore, there is a higher possibility for local weak spots in the sample used in the LCT. 
Consequently, the measured values reached in the LCT are usually smaller than in the SCT 
(Fellers and Gimåker, 2011). (Mäkelä, 2010) finds a good correlation between values measured 
with the SCT and LCT methods. The device disclosed in (Bugiel et al., 2016b) uses curved sample 
holders to prevent buckling of the sample.  
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However, these tests are only valid for a very small amount of deformation, because 
instabilities occur with higher deformations. Instabilities then lead to buckling and finally, 
material failure is caused due to shear stresses and delamination (Hagman et al., 2013). So far, 
a testing procedure that reproduces the in-plane compression in deep drawing has not been 
developed, yet. The material undergoes in-plane compression while being supported by the 
pressure applied with the blankholder. Consequently, a “Zero-Span-Compression” test would 
be necessary to induce a similar state of stress. It can be assumed that the maximum pre-
buckling in-plane compressive stress in deep drawing is higher than the stresses that can be 
achieved using the SCT or LCT procedure. 
There are only few examination of the mechanical behavior under compressive load in 
comparison to the number of publications about material properties under tensile load. 
(Gustafsson and Niskanen, 2012) state that similar values can be assumed for the compressive 
and tensile E-modulus and Poisson’s ratio. (Hansson, 2013) finds a good correlation between 
SCT und tensile stiffness, as well as SCT and density for commercial paperboards. In tests of 
handsheets, correlations between SCT and density, tensile stiffness and z-strength are found 
(Hansson, 2013). Surprisingly, the comparison of coated and uncoated materials show no 
difference in the SCT-values in results by (Hansson, 2013).  
Due to the different modes of deformation and the bifurcation point, it is difficult to distinguish 
between the material's response and the behavior of the network structure (Fellers and 
Donner, 2002). Different theories concerning the micromechanical mode of failure under 
compressive load have been discussed. On the one hand, it is observed that the material failure 
under compressive load is triggered by the failure of fiber bonds which lead to buckling of fibers 
(Sachs and Kuster, 1980). On the other hand, (Fellers et al., 1980) state that there are two 
mechanisms: segments of fibers buckle under compressive loads in paper of low density, but in 
papers of high density, shear stresses induce dislocations in the fiber wall and cause buckling of 
the material. (Hagman et al., 2013) find, that the main mechanism of failure is delamination of 
the interfaces of multiply material.  
The limits for buckling under compressive load have been studied, because buckling is a mode 
of failure in many applications. (Ristinmaa et al., 2012) develop an analytical model for the 
prediction of package collapse loads, which only includes values from SCT and bending 
resistance test as material properties. However, the post-buckling behavior, which plays an 
important role in the formation of wrinkles in deep drawing, has not been studied, yet. 
2.2.4 Yield stress and plastic deformation 
After a small area of initial elastic deformation, non-linear stress-strain behavior occurs when 
the load is further increased. Deformation that appear thereafter are irreversible, as can be 
recognized in Figure 8. Permanent changes in the material structure are induced due to plastic 
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deformations of the fibers and the fracture of fibers and fiber bonds. This is indicated by an 
increase in the number of events in acoustic emission measurement during the loading (Gradin, 
2004; Gradin et al., 2008; Norgren et al., 2008). However, the precise determination of a yield 
point is difficult, because of smooth the transition from elastic to plastic material behavior 
(Castro and Ostoja-Starzewski, 2003; Erkkilä et al., 2013). Different methods can be applied to 
measure the yield stress (Linvill and Östlund, 2016b). Firstly, the measurement can be 
performed using cyclic tests (Thakkar et al., 2008). Oftentimes, the yield stress is determined by 
loading and subsequent unloading of a sample to separate the elastic and plastic part of the 
deformation. In addition, empirical models can be used to fit the stress-strain curve. The yield 
stress can then be defined using a specific point of the curve, for example the point of the 
largest curvature, the 0.2% rule or the point of intersection of a bi-linear model (Linvill and 
Östlund, 2016b).  
The plastic part of the deformation is characterized by irreversible deformations of fibers and 
the fiber network. Kinks and curls are pulled out of the fibers and micro-compressions are 
reduced (Haslach, 1996). Then, fibers are plastically deformed (Borodulina et al., 2012) and 
finally ruptures of bonds occur and initiate local weakening of the network. The hardening 
behavior has two reasons according to (Castro and Ostoja-Starzewski, 2003): besides the 
reduction of micro-compressions and kinks, the relative motion of microfibrils induces the 
further increase of stress during plastic deformation. 
2.2.5 Mechanical behavior in ZD 
Due to the orientation of the fibers in the sheet, the mechanical properties paper in MD and CD 
differ significantly from the properties in ZD. Various examinations have shown that the 
mechanical properties between ZD and the in-plane direction are not or only minimally coupled 
(Stenberg and Fellers, 2003).Therefore, a separate treatment of these areas is permissible. 
Fundamentally different material behavior and modes of failure in ZD can also be recognized. 
The deformation in ZD under compressive load can be separated in three characteristic regions: 
linear elastic material deformation, cellular collapse and densification (Aguilar Ribeiro and 
Costa, 2007). Bending of fibers due to lateral compacting loads and shear loads is the most 
important mode of deformation in the initial linear elastic part (Van Liew, 1973). When the load 
is further increased, new contact points between the fibers occur and the form of the load 
distribution in the network changes constantly. New fiber bonds can be created when the 
moisture content is sufficiently high. The mechanical behavior of the network in other 
directions differs in subsequent loading due to the newly formed fiber bonds. The fibers are 
compressed under further loading. The characteristics of the transition between the different 
regions of deformation are depending on the properties of the fibers and the initial density of 
the network (Van Liew, 1973).  
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The stiffness of paper under tensile load in ZD is usually approximately 100 times smaller than 
in MD (MD stiffness is about 2 to 5 times larger than CD stiffness) (Stenberg, 2003). The 
magnitude of the initial E-modulus under tensile load is comparable to the initial stiffness under 
compressive load. The same mechanisms - bending of fibers and shear stresses on fiber bonds - 
appear (Van Liew, 1973). The stress-strain curve under tensile load has an initial linear part 
followed by a reduction of the slope (Andersson and Fellers, 2012; Girlanda and Fellers, 2007). 
The subsequent mode of failure is mainly governed by delamination of the structure (Van Liew, 
1973). E-modulus, strain at break and tensile strength are independent from the surface related 
mass. Contrary to that, the energy absorption to cause a complete delamination does display a 
relationship to the surface related mass (Andersson and Fellers, 2012).  
2.2.6 Rupture of paperboard 
The occurrence of ruptures is depending on the form of loading and the direction of loading, 
due to the anisotropy of paper and paperboard. Fundamentally different modes can be defined 
for rupture under tensile loading (Tryding, 1996) (see Figure 9). Material failure under edgewise 
compression (Hagman et al., 2013), in-plane tension (mode I), out-of-plane shear loading 
(Nygårds et al., 2007) (mode III), in-plane shear loading (Bugiel et al., 2016a) (mode II), tensile 
loading in ZD (Van Liew, 1973) and ZD compression (Schaffrath and Göttsching, 1991) exhibit 
different behavior. In some cases, the strength of the material is mainly limited by the 
occurrence of delamination. 
 
Figure 9: Modes of rupture I, II and III, similar to (Östlund and Mäkelä, 2012) 
When rupture occurs under in-plane tensile load, the stress decreases rapidly after the 
maximum tensile strength is reached and deformations are concentrated in the zone of 
rupture. (Tryding and Gustafsson, 2000). Contrary to that, the stress and elastic strain in other 
regions of the sample is reduced and elastic energy is released. If the released energy is larger 
than the energy that is needed to develop the rupture in the rupture zone, the deformation 
becomes unstable and instantaneous rupture occurs. In this case, the material exhibits brittle 
behavior (Tryding and Gustafsson, 2001, 2000). Strain at break and tensile strength are affected 
by the size of the sample (Hagman and Nygårds, 2012). 
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The deformation in deep drawing is caused by multiaxial states of stress. Only few 
investigations about the occurrence of ruptures under multiaxial stresses have been published. 
(Castro and Ostoja-Starzewski, 2003) measure failure stresses and strains under bi-axial tensile 
loading. In (de Ruvo et al., 1980), a method is developed to examine material properties under 
multiaxial tensile, compressive and shear loading. The states of stress are induced using a 
sample of the form of an internally pressurized cylinder under axial and torsional load. The 
measurements are used for a stress-based failure surface. The behavior under bi-axial 
compressive and tensile loads with and without shear loads are analyzed in (Gunderson and 
Rowlands, 1983). Shear stresses are induced by loading the sheet in directions deviating from 
MD or CD. When loaded in MD, the material exhibits a higher strength in CD under 
simultaneous loading than in uniaxial tests. The same behavior is not found for MD (Gunderson 
and Rowlands, 1983). The strain at break is typically significantly reduced under bi-axial loading 
in comparison with uniaxial tests (Linvill and Östlund, 2016b). The bi-axial strength is reduced in 
all cases under simultaneous shear stresses (Rowlands et al., 1985). The failure stress under 
shear loading is reduced under simultaneous ZD loading (Stenberg, 2003). 
Stress- and strain-based failure and yield surfaces for bi-axial states of stress are discussed and 
presented in (Linvill and Östlund, 2016b). The stress-based failure surfaces coincide with the 
results from (de Ruvo et al., 1980) and (Gunderson and Rowlands, 1983). (Groche and Huttel, 
2016) adapt methods from sheet metal forming like the Nakazima-test and the Bulge-test 
(Banabic et al., 2013) for the determination of forming limit curves of paperboard. However, 
the number of investigations of yield and rupture under multiaxial states of stress is extremely 
limited, even though all advanced material models require these values for the determination 
of input parameters. Additionally, standardized measurement methods have not yet been 
developed for various states of stress. 
2.2.7 Friction 
Publications about friction of paper and paperboard can be categorized in two groups: friction 
between two paper surfaces (e.g. (Sato et al., 1997) using the strip-on-drum method) and paper 
friction against various other surfaces. Multiple methods of measurement have been 
standardized (ASTM D4917-97, 2007; ISO 15359:1999, 1999; TAPPI T 549, n.d.; TAPPI T816, 
n.d.). The normal forces in these standardized methods range from 0.5 kPa to 6.5 kPa. Pulling 
rate differ from 0.04 %% F0
 to 20 %% F0
. Although friction between paperboard and metal 
surfaces plays an important role in many industrial converting and packaging processes, only 
few investigations have been published covering this field.  
According to (Gurnagul et al., 1992), the direction of friction between two paper surfaces (MD-
CD) is irrelevant for the coefficient of friction. Repeated friction between two surfaces in the 
same direction leads to decreasing coefficient of friction. When the direction is changed, a 
decreasing coefficient of friction is not measured (Garoff et al., 2004). There are different 
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results published about the influence of surface roughness on the coefficient of friction. Some 
researchers find relationships between surface roughness and friction (e.g. (Fellers et al., 1998) 
and (Jones and Peel, 1967)). In other publications, those relationships have not been reported 
(e.g. (Broughton and Gregg, 1952) and (Bayer and Sirico, 1971)). Using the strip-on-drum 
method, (Sato et al., 1997) measure an influence of the normal pressure on the coefficient of 
friction. Increasing the moisture content from 4% to 20% leads to an approximately linear 
increase in the static coefficient of friction (Fellers et al., 1998). Material components also 
affect the friction. The chain length of wood extractive fatty acids can be linked to friction 
(Garoff, 2002). The same behavior can be observed when the paper is impregnated with fatty 
alcohols. The effects can be explained with boundary lubrication of the wood extractives.  
The dynamic coefficient of friction for contact between paper and metal surfaces is depending 
on the temperature of the metal surface. A reduction of more than 50% is measured when the 
temperature is increased from 20°C to 170°C. The coefficient and the reduction are depending 
on the type of fibers (Back, 2002). According to (Back, 2002), this behavior occurs due to 
differing amounts of oleophilic substances in the paper surface. The coefficient of friction 
between paper and metal surfaces is increased with increasing moisture contents (Whitsitt, 
1987). Furthermore, the coefficient of friction between a chrome-plated metal disc and paper is 
depending on the degree of hydrophobicity of the paper surface (Gurnagul et al., 1992). 
Examinations of the friction between data processing card stock and steel surfaces showed an 
influence of the normal load (Bayer and Sirico, 1971).  
(Lenske et al., 2017) find that tribocharging of the metal surface is the main influence on the 
coefficient of friction. The dynamic coefficient of friction is found to increase from 
approximately 0.2 to 0.7 at a temperature of 23°C during 100 repetitions of the friction test. 
The same effect does not occur when the contact surface is heated to 120°C.  
2.2.8 Inhomogeneity 
Paper and paperboard are heterogeneous materials, but the characterization of the 
heterogeneity is challenging, because it is depending on the scale of measurement (Bronkhorst 
and Bennet, 2002). On a microscopic scale, paperboard is made from fibers which consist of 
helically wound cellulose fibrils and hemicellulose (Paavilainen, 2002). Lengths of the fibers vary 
between 0.7 mm and 1.7 mm for hardwood pulp and 2 mm to 6 mm for softwood pulp. The 
distribution of the fiber lengths can be described with a log-normal distribution (Deng and 
Dodson, 1994). The thickness of the fibers ranges from 20 µm to 60 µm for softwood and 
14 µm to 40 µm for hardwood (Paavilainen, 2002). Morphological, structural and chemical 
properties of the fibers vary depending on the type of fibers, the annual ring, the position in the 
stem and due to differing growing conditions.  
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Fibers, fines and filler materials form a porous randomly formed network during the production 
process. The formations and strength of fiber bonds are influenced by various factors, for 
example the surface structure and fibrillation of the fibers, the number of contact points 
between fibers and the size of the bonded area. The local orientation of the fiber in the 
network related to the direction of loading is relevant for the form of deformation of fiber 
bonds (shear or tensile loads). The distribution of fiber orientations in the network has 
influence on the anisotropic material properties (Setterholm and Kuenzi, 1970) and can be 
fitted using a von-Mises distribution (Naito, 2002). 
Deviations of the local surface related mass can be observed on a scale of millimeters in 
paperboard, the so-called formation. The intensity of the formation can be characterized using 
the formation number, which is the ratio of real and random variance of the fiber orientation 
(Deng and Dodson, 1994). Large deviation of the formation lead to a low strength of the 
material (Nazhad et al., 2000). When the surface related mass exceeds 140 R %0, these 
effects becomes negligible, because the deviation are small in comparison to the mean surface 
relates mass (I’Anson et al., 2007).  
Measurements of the impact of the heterogeneity on mechanical properties can be performed 
using various methods. Due to the optically rough surface of paperboard, specific speckle 
patterns form when a sample is illuminated with a laser. The distortion of speckle patterns can 
be used to measure local deformations of a sample. Interference holography (Lyne and Hazell, 
1973) and photo spectrometry (Choi et al., 1991) have been used early to measure local 
deformations in paper and paperboard. It is found that the coefficient of variation of the strain 
can be between 23% and 40% during uniaxial tensile tests and that it is depending on the scale 
of measurement (Choi et al., 1991). First applications of digital image correlation (DIC) for the 
measurement of local deformations in paper have been performed by (Wiens et al., 1998). The 
dependency from the measuring resolution and the increase in variation during a tensile test 
are reported in (Considine et al., 2005). It is found that the variation is far higher, than in 
previous examinations due to the higher resolution of accessible measurement systems. The 
resolution in (Considine et al., 2005) is 0.36 mm2/pixel. The distribution of the strains can be 
fitted with a Weibull-distribution in accordance with the "weakest-link" theory (Niskanen, 
1998). Large deformations occur usually in zones of low local surface related mass (Moffat et 
al., 1973).  
Comparing deformation field measurements using DIC with thermography and measurement of 
the formation in uniaxial tensile tests show, that large local deformations and local heating 
occurs mainly in places of low density (Hagman and Nygårds, 2016). Contrary to these results, 
(Korteoja et al., 1996) and (Wong et al., 1996) don’t find similar correlations between strain 
fields and local density on a macroscopic scale. Relationships between strength distribution and 
formation are found on a more microscopic scale by (Wathén and Niskanen, 2006), although 
2. Literature review 
24 
with rather small coefficients of correlation. There is still scientific dispute about the question 
whether rupture on a microscopic scale is triggered by fracture of fibers or failure of fiber 
bonds (Bronkhorst and Bennet, 2002). The reason for this dispute is a lack of knowledge and 
understanding of the form and properties of the fiber bonds (Hirn and Schennach, 2015).  
On a scale of multiple millimeters (depending on the surface related mass), paper can be 
regarded as a continuum, because the location of sample collection has no influence on the 
mechanical properties on this scale. The limits for the assumption of continuum behavior can 
be identified using tensile test with samples of different widths. Narrow samples have a high 
probability that a weak spot is located in the sample which significantly influences the strength. 
When broadening of the sample leads to no further deviations in the stress-strain behavior, a 
continuum assumption is valid for the present scale (Mäkelä and Östlund, 2003).  
2.2.9 Influence of environmental conditions on paperboard properties 
2.2.9.1 Influence of moisture content 
The temperature of punch and die are two of the most important parameters that can be used 
to control the deformation behavior of the material in the deep drawing process. Moisture 
content and temperature have significant influence on a variety of different material properties 
(Benson, 1971; Salmén and Back, 1980). In addition, the dimensional stability is depending on 
both temperature and moisture content (Uesaka, 2002). The moisture content (MC) of paper 
and paperboard is calculated using Eq. (2.1). The procedure for the determination of the 
moisture content is standardized in (DIN EN ISO 287:2009-05, 2009). 
 $ = %T − %
%T ∗ 100 (2.1) $T is the mass in the wet condition, %
 is the mass of the dried sample. The wetting of paper 
and the penetration of water in the fiber network have been examined intensively due to the 
importance of these processes during printing. Extensive overviews of the literature concerning 
wetting and penetration are given in (Alava and Niskanen, 2006), (Ramarao, 1999) and (Lyne, 
2002). 
Paper and Paperboard consist of a porous network of chemically and mechanically bound fibers 
that are made of crystalline cellulose fibrils and amorphous hemicellulose (section 2.2.1, p. 14). 
Moisture can be bound in paperboard in three different forms. It can be present in the pores 
between the fibers, in the lumen of the fiber and it can be chemically bound in the fiber itself. 
The effect of the moisture on the mechanical properties of depending on the location of the 
accumulation (Askfelt et al., 2016). Three major obstructions resist the transport of water in 
paperboard: diffusion through an external boundary layer, diffusion through the system of 
pores and diffusion from the system of pores into the fibers (Foss et al., 2003) The transport of 
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moisture in ZD is primarily determined by the diffusion of water vapor through the pores 
(Nilsson et al., 1993), since the diffusion through pores is faster than through the fibers. The 
moisture content is influenced by the ambient relative humidity and follows the sorption 
isotherm, which itself is affected by temperature (Foss et al., 2003). Furthermore, the sorption 
isotherm changes under cyclic alterations of the relative humidity (Uesaka and Moss, 1997). 
Consequently, the momentary moisture content is depending on the history of changes in the 
relative humidity.  
Drying of paper has been extensively examined due to the importance during the production 
process. The drying process can be divided in the phases mechanical dewatering and thermal 
drying. The dewatering process, complex interdependencies between structural changes and 
moisture content, as well as the development of mechanical properties during the drying 
process are still not completely understood due to the complexity of the relationships (Östlund, 
2006). For the process deep drawing of paperboard, a range of moisture content between 5% 
and 15% is relevant. (Linvill and Östlund, 2014) measure a slow reduction of the moisture 
content while the material is heated to 168°C using heat lamps. The moisture content 
decreases from 14% (at 90% relative humidity) to 11% in approximately 12 s. An initial moisture 
content of 6% (at 50% relative humidity) decreases to 5.5% in the same duration of time. When 
paper is wetted from one side, curling occurs due to one-sided shrinking respectively hydro 
expansion (Kulachenko, 2012). Furthermore, mechanical properties then vary over the 
thickness of the material (Leisen et al., 2002).  
2.2.9.2 Influence of temperature 
Paperboard exhibits complex changes in its mechanical properties when exposed to variations 
of the ambient temperature. Besides the changes induced by heating from the outside, 
paperboard also exhibits varying temperature due to mechanical loading. A decrease in the 
temperature can be measured under elastic deformation, because of elastic energy absorption 
(Ebeling, 1970). When the material is plastically deformed, the temperature increases 
(Yamauchi et al., 1993). An increase of temperature in the rupture zone of 6 K has been 
measured (Hyll et al., 2012). Furthermore, increasing temperature is also caused by heat of 
sorption (Foss et al., 2003).  
The transport of heat in the material is usually characterized by the values for specific heat 
capacity and thermal conductivity (Bøhmer, 2002). Measurements of said values are mostly 
aimed to investigate the drying of paper in the production process (e.g. in (Kellers, 1994)). 
However, higher moisture contents are present in this drying section of the paper machine than 
in the forming process, where material is used that usually has a moisture content in the range 
of 5-10%. Specific heat capacity and thermal conductivity change depending on the moisture 
content (Bøhmer, 2002). Different values can be found in the literature, due to these effects.  
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Thermal conductivity is affected by the density (Punton, 1985), the moisture content (Han and 
Ulmanen, 1958), the ash content (Lavrykov and Ramarao, 2012) and the temperature (Lavrykov 
and Ramarao, 2012). Another important factor is the filler content. Furthermore, the thermal 
conductivity is depending on the direction of heat conduction (in-plane, out-of-plane). There is 
more resistance to heat conduction in ZD, because the fibers are mostly aligned in the plane of 
the sheet. Surface roughness has an effect in the thermal contact resistance and therefore the 
transport of heat into the paperboard, for example from a heated plate (Lavrykov and 
Ramarao, 2012).  
Another temperature depending property is thermal expansion, but the influence of thermal 
expansion is about one magnitude smaller than the influence of hygroexpansion. Thermal 
expansion in CD is larger than in MD. Typical values are in the range of . = 2.1 ∗ 100V −7.5 ∗ 100V/0
 and . = 7.9 ∗ 100V − 16.2 ∗ 100V/0
 for different grade of paper and 
paperboard (Bøhmer, 2002). The influence of surface temperature on friction is discussed in 
section 2.2.7 (p. 21). 
2.2.9.3 Effects of environmental conditions on mechanical properties 
The effects of temperature and moisture content that have been discussed in the sections 
2.2.9.1 (p. 24) and 2.2.9.2 (p. 25) affect the mechanical properties. Although it is well-known 
that changing temperature and moisture content can have significant negative influence on the 
processability of packaging components made of paper and paperboard, only few 
investigations covering the underlying relationships have been published (Berry et al., 2005).  
The effects of heat and moisture can be explained from a micro-mechanical point of view by 
hygroplasticization and thermoplasticization of the basic components cellulose, hemicellulose 
and Lignin (Salmen, 1982). On a macroscopic scale, large deviations of the stress-strain 
behavior occur. An approximately linear decrease of E-modulus can be measured between -
25°C and 200°C (Salmén and Back, 1977). When the temperature exceeds 200°C, the reduction 
of the stiffness is disproportionally larger. This effect can be explained by the glass transition 
temperature of the materials components. The tensile strength exhibits a similar behavior, but 
the strain at break increases up to 200°C linearly, followed by a disproportionate increase. The 
reduction of the tensile strength is approximately 0.3 % /0
 for different materials, like kraft 
sack paper, kraft liner, fluting, thermomechanical pulp and machine-glazed sulphite paper. But 
the materials exhibit significant differences for the changes of the strain at break (Salmén and 
Back, 1978). The tensile index (tensile strength related to the surface related mass) shows for 
the different materials a linear decrease over the whole range of the temperature. The 
influence on the tensile energy absorption on the other hand is not as significant, due to the 
different relationships between temperature and tensile strength, respectively temperature 
and strain at break.  
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Figure 10: Left: E-modulus over moisture content. Right: Shear modulus over moisture content. 
Reproduced from (Yeh et al., 1991) with kind permission of Mr. J. M. Considine. 
Changes in the moisture content have a radical effect on the mechanical properties. The E-
modulus in MD of kraft paper with 205 g/m2 is reduced from 7200 MPa at 6.6% moisture 
content to 2300 MPa at 23% moisture content (Yeh et al., 1991). The relationship between 
stiffness and moisture content in the range in approximately linear (Figure 10). In CD, the E-
modulus decreases from 3200 MPa to 1000 MPa in the same range. Contrary to that, the 
Poisson’s ratio W
 (MD) and W
 (CD) increase with the moisture content from 0.33 to 0.65, 
and respectively from 0.12 to 0.28. The shear modulus  
 decreases 84% in the range of the 
moisture content. Below 15%, the relationships are all approximately linear. Stiffness and 
strength under edgewise compression decrease significantly when the ambient relative 
humidity increases from 50% to 90% (Gunderson et al., 1988, 1987). 
The effects of the moisture content and temperature on strain at break, yield stress, E-
modulus, tensile energy absorption and tensile strength, found by (Salmén and Back, 1978, 
1977) correspond with earlier results from (Benson, 1971). The yield stress shows the strongest 
dependency of all examined mechanical properties. Similar to the influence of temperature, the 
tensile energy absorption shows a rather weak relationship with alterations of the moisture 
content, because strain at break increases with stiffness and strength decrease (Benson, 1971). 
Other mechanical properties, like tear strength and folding strength increase with the moisture 
content. Examinations in (Benson, 1971) were performed with an equilibrium moisture content 
of 4% to 13% and temperature between 15.5°C and 48.9°C. Consequently, the results cover 
only a small part of the temperature range that may occur in deep drawing with heated tools 
up to 200°C.  
The effects of temperature and moisture content in the before mentioned publications have 
been treated separately to investigate the main effects, but strong interdependencies also 
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exist. Usually, changes in the temperature directly induce changes in the moisture content. 
Coupled effects are investigated in (Linvill and Östlund, 2014). Uniaxial tensile tests show 
interdependencies for tensile strength and E-modulus. Coupled effects are not found for 
tangent modulus, hardening modulus, strain at break, tensile energy absorption and plastic 
strain. Additionally, (Linvill and Östlund, 2014) find that the tensile energy absorption is not 
affected by the moisture content.  
2.3 Modeling of paperboard 
2.3.1 Fundamentals of modeling 
2.3.1.1 Classification of models 
The modeling of mechanical, thermal and tribological material properties serves two 
fundamentally different purposes. Firstly, material models are needed to predict material 
properties, for example in processing operations, and optimizing parameters to improve the 
quality of the product. Secondly, material models can be used to examine effects that occur in 
the processing operation and link the effects to the fundamental behavior and 
interdependencies of the components. Motivated by these considerations, two different 
approaches of models have been developed for paper and paperboard (Ramasubramanian and 
Wang, 1999). Descriptive models are built based on the method of continuum mechanics. 
Consequently, it is assumed that the material is homogenous on the considered scale. Material 
models that consider the micro structure are able to link a macroscopic load to stresses and 
deformations in single fibers and fiber bonds. These models can be categorized as explanatory 
models (Bungartz et al., 2009; Westermann, 2010). Explanatory models are models of single 
fibers, fiber bonds and two-dimensional (Bronkhorst, 2003) or three-dimensional (Heyden, 
2000) networks. Network structures can be random (Kähkönen, 2003; Kulachenko and Uesaka, 
2012; Lavrykov et al., 2012; Rigdahl et al., 1983; Strömbro and Gudmundson, 2008a, 2008b) or 
made of an ordered lattice (Liu et al., 2010; Ostoja-Starzewski, 2002; Ostoja-Starzewski and 
Stahl, 2000). Considering the scale below the network structure, single fibers (Borodulina et al., 
2015) and single fiber bonds (Ebner et al., 2016) are simulated. Besides simulations of the 
mechanical behavior, network models can also be used to examine and describe the transport 
of fluids and gases through the porous material (Nilsson and Stenström, 1997; Rong and Qi, 
2004). 
First steps towards simulations of paper have been undertaken in the 50s of the 20th century by 
(Cox, 1952). The model presented by (Cox, 1952) is based on the assumption that fibers form 
one straight line throughout the whole material and that the bending stiffness of fibers is 
negligible. Furthermore, it is assumed that fibers can only carry tensile loads and that fibers 
transmit their loads uniformly at the edges of the sample. The model is purely elastic and 
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considers the anisotropy of paper. It can capture in-plane tensile and shear loading. The 
properties make this model a hybrid between a macroscopic and microscopic model.  
Micromechanical models are computationally expensive and are therefore only used to 
simulate small sections of the whole fiber network. The minimal size of the section is limited by 
the representative volume element (RVE) which is the smallest volume (or area in a two-
dimensional case) in that the material has macroscopically invariant properties. Thin papers can 
have a RVE of up to 2500 mm2, due to strong influence of local weak spots on the mechanical 
properties at low thicknesses (Mäkelä and Östlund, 2003). The RVE can be significantly smaller 
if thick paperboard is examined. Due to the enormous computational effort for the simulation 
of a three-dimensional model with a realistic representation of the fiber network, (Andrä et al., 
2011) use a RVE of only 0.04 mm2. Comparable micromechanical models could be used to gain 
insight in the large local deformations that occur in the wrinkles of a deep drawn cup. However, 
micromechanical models are currently not sufficiently advanced to be used for the simulation 
of wrinkling. Furthermore, the influences of moisture and temperature on the properties of 
single fibers and fiber bonds are still subjects of current research and scientific discussion (see 
section 2.2.1, p.14). Due to the lack of short-term applicability, micromechanical models won’t 
be covered profoundly in this literature review, but nevertheless provide possibilities for future 
investigations.  
Besides micromechanical and continuum models, semi-empirical models that contain paper 
specific constants have been developed. A famous example is the "Page"-equation, which links 
fiber and network properties, like relative bonded area, fiber coarseness, fiber length and bond 
strength to the tensile strength of paper (Page, 1969). Since the determination of these 
material specific constants is oftentimes difficult and has to be repeated for every material, 
such models are rarely used in material models for simulations. Modeling of paper and 
paperboard is a complex challenge. Hereinafter, elastic-plastic models, models for the 
description of behavior in ZD under tension and compression, yield surfaces, interface models 
for delamination, models for the influence of temperature and moisture are presented and 
discussed to give an overview about existing models and their limitations. Finally, applications 
of models for the simulation of converting processes are discussed. 
2.3.1.2 Elastic modeling 
The mathematical description of the stress-strain behavior of the material is the foundation for 
the mechanical modeling, for example in FEM-simulations. In general, these constitutive laws 
are mathematical descriptions of the relationships of stress < and strains 4 in different 
directions of loading and under different forms of loads. The denominations that will be used 
are defined in Figure 7. As discussed in section 2.2.5 (p. 19), the mechanical properties in ZD are 
significantly different from the in-plane properties. Consequently, ZD modeling will be 
discussed separately in section 2.3.1.4 (p. 33). 
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A three-dimensional state of stress is defined by six independent components that are 
displayed in Figure 11. It consists of three normal stresses <, < and <, and three shear 
stresses = = =, = = =  and = = =. The anisotropic material properties, resulting from 
the orientation of the fibers mainly in MD, are usually described as orthotropic.  
 
Figure 11: Stress components for the description of a three-dimensional state of stress. 
It is oftentimes assumed that the material displays purely elastic behavior for low stresses and 
small deformations. In the case of an elastic orthotropic material, the stress-strain relation can 
be described with Eq. (2.2) in which the stiffness tensor  contains nine constants. The E-
moduli (,  and ), the Poisson’s ratios (:, :  and :) and the shear moduli ( ,    
and  ). 
 < = 4 (2.2) 
The three other Poisson’s ratios can be determined exploiting the symmetry condition of the 
stiffness tensor (e.g. : = :  0
). The determination of the constants is covered in 
(Schulgasser, 1981), (Baum et al., 1981) and (Mann et al., 1980). While measuring the E-moduli 
in uniaxial tensile tests is relatively simple, the determination of shear moduli and Poisson‘s 
ratio is more challenging. The in-plane shear modulus    can be calculated using Eq. (2.3) 
using the results from uniaxial test in 45° direction between MD and CD (Huang et al., 2014) 
Most values in the literature for the Poisson’s ratio :are in the range of 0.3, for :  due to the 
anisotropy around 0.15 ((Paetow and Göttsching, 1990): : = 0,3, : = 0,13; (Rigdahl et al., 
1984): : = 0.33; (Yeh et al., 1991): : = 0.38, : = 0.15, at 50% relative humidity). 
Poisson’s ratios are constant during the deformation (Paetow and Göttsching, 1990). There are 
only very few investigations of the out-of-plane Poisson’s ratios and in some cases, negative 
values have been reported (Gustafsson and Niskanen, 2012).  
   = 14 − 1 X 2 : − 1 (2.3) 
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The determination of    and   is usually performed using shear tests in which the paper is 
glued between two blocks that are moved in opposite directions to induce shear stresses (Wink 
and van Eperen, 1967). However, the influence of the gluing agent can be relevant and may 
falsify the results (Nygårds et al., 2007). A method presented by (Nygårds et al., 2009a, 2007; 
Nygårds and Malnory, 2010) can be applied to measure out-of-plane shear strength profiles 
over the thickness of the material. 
When environmental conditions are constant, the strain rate is low, the stress duration is short 
and no creeping occurs, and the loads are below the yield strength of the material, a purely 
elastic description of the material may be sufficient (Perkins, 2002). The simple implementation 
and low computational effort are the benefits, if these assumptions can be made. Purely elastic 
models are presented for example in (Cox, 1952), (Carlsson et al., 1982), (Yeh et al., 1991), 
(Leppänen et al., 2005), (Hallbäck et al., 2006) and (Ostoja-Starzewski and Stahl, 2000).  
Besides linear elasticity, other forms of elasticity can be used to describe material behavior. In 
hypoelastic materials, a relationship exists between the stress rate <Y  and the deformation rate Z. A closely related form of non-linear elasticity is hyperelasticity, in which the stress—strain 
relationship is derived from a strain energy density function. A special case of hyperelasticity is 
rubber elasticity. Neo-Hooke models and Mooney-Rivlin models are examples for non-linear 
elastic models (Perkins, 2002). Non-linear elastic models have been occasionally used to 
describe the non-linear stress-strain behavior of paperboard, neglecting plasticity.  
The stress-strain behavior and the fracture properties of paper are depending on the duration 
of loading (Haslach, 2009, 2000). Creeping is observed under constant loads below the yield 
stress and leads to stress relaxation. This behavior can be described with viscoelastic models. 
This approach is used in the publications of (Lif et al., 2005), (Lu and Carlsson, 2001), (Pecht et 
al., 1984) and (Pecht and Haslach, 1991).  
2.3.1.3 Elastic-plastic modeling 
The in-plane stress strain behavior of paper and paperboard is non-linear and irrecoverable part 
of plastic deformation remains after unloading from a state of stress exceeding the yield stress 
(Figure 8). However, the precise determination of a yield point for the mathematical description 
of the behavior is a challenging task, since the deviation from elastic to plastic behavior is 
smooth (Erkkilä et al., 2013), as discussed above in section 2.2.4 (p. 18). Despite these 
limitations, it is common to separate the stress-strain curve in a linear-elastic part and a usually 
non-linear plastic part. Different functions are used for the fit of the non-linear part. The 
hyperbolic tangent function (Eq. (2.4)) is for example used in (Xia et al., 2002), (Gilchrist et al., 
1999) and (Nygårds et al., 2009b) with 7  being the fitting parameters.  
 < = 7
 tanh_74` X 7a4 (2.4) 
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In other models, the Ramberg-Osgood relation (Eq. (2.5)) is used for the in-elastic part of the 
deformation, for example in (Mäkelä and Östlund, 2003).  
 4 = < X b<!c (2.5) ! and ) are hardening modulus and hardening exponent. Further functions are the power-law 
in Eq. (2.6) (Ludwik, 1909) 
 < = 7
4 (2.6) 
and the modified power-law in Eq. (2.7) (Swift, 1952). 
 < = 7
_7 X 4` (2.7) 
Different empirical models for the description of the non-linear elastic-plastic in-plane behavior 
including anisotropy and the dry solid content are discussed and compared in (Erkkilä et al., 
2013). (Tjahjanto et al., 2015)uses a viscoelastic-viscoplastic model to simulate the mechanical 
behavior of high-density fiber-based materials.  
The definition of a yield criterium is a requirement to enable the transition from elastic to 
plastic deformation. For models that can handle multiaxial load cases, this condition has the 
form of a two-dimensional yield curve (Figure 12) or three-dimensional yield surface. Two 
possible cases exist for each state of stress: the state of stress either leads to a point inside of 
the convex yield curve. In this case, the stress-strain relation is elastic. Secondly, the state of 
stress is located on the yield curve. In this case, the constitutive relations for plastic material 
are used and the yield curve expands with any further increase in stress. The yield curve 
remains in the expanded shape after subsequent unloading. Only very few investigations about 
experimental determinations of yield conditions under multiaxial load have been published 
(Linvill and Östlund, 2016b). Therefore, most yield surfaces are based on failure surfaces and 
the assumption is made that the shape of the yield surface is similar to the shape of a failure 
surface.  
Various yield criteria have been developed for paper and paperboard. The yield criteria in 
(Harrysson and Ristinmaa, 2008) and (Tryding, 1994) are based on the Tsai-Wu failure criterion 
(Tsai and Wu, 1971). (Huang and Nygårds, 2010) and (Huang, 2013) apply a Hill-type-model 
based on (Hill, 1956). The yield criterion from (Xia et al., 2002), which consists of several sub-
surfaces is used and adapted in (Borgqvist et al., 2015), (Li et al., 2016a), (Nygårds et al., 2009b) 
and (Tjahjanto et al., 2015). (Castro and Ostoja-Starzewski, 2003) use a yield surfaces that is 
shaped like a box. The benefit from this simpler assumption is reduced effort for the 
parameterization. Loads exceeding the initial yielding lead to hardening. Models using isotropic 
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hardening (Mäkelä and Östlund, 2003) and anisotropic hardening (e.g. (Xia et al., 2002)) have 
been developed. 
 
Figure 12: left: Yield curve, right: associated load case. 
2.3.1.4 Out-of-plane modeling 
There are far more publications about the modeling of the in-plane behavior and the out-of-
plane direction is oftentimes modeled as purely elastic. The concentration on the in-plane 
properties arises from their importance in the production process, during printing and winding. 
However, the behavior in out-of-plane direction is crucial for several converting processes, like 
creasing, folding and cutting. As discussed in section 2.2.5 (p. 19), the mechanical behavior in 
ZD is substantially different from the in-plane direction and the interdependencies between in-
plane behavior and ZD are weak. Consequently, ZD is handled separately in many models. The 
strong anisotropy can lead to numerical instabilities (Nygårds et al., 2009b). ZD and the in-plane 
directions can be numerically decoupled to prevent instabilities. Decoupling can be achieved by 
assuming that the out-of-plane Poisson’s ratios equal zero. This assumption is for example 
made in (Borgqvist et al., 2014) and is validated by several experimental studies (Nygårds et al., 
2009b; Stenberg, 2002a). 
(Nygårds et al., 2009b) assume that the stress-strain relation under tensile load in ZD is linear 
elastic. Plasticity is introduced by the application of cohesive elements that enable the 
occurrence of delamination. Elastic-plastic behavior is assumed for compressive states of stress. 
The elastic part is modeled using an exponential function. (Stenberg et al., 2001) claims that the 
whole elastic plastic range under compression can be modeled using an exponential function 
with sufficient accuracy. It is assumed in (Stenberg et al., 2001) that shear stresses don’t have 
an influence on the yield stress. However, experimental investigations in (Stenberg, 2002b) 
suggest that shear stresses reduce the strength in ZD. Since experimental determination of 
yield stress in ZD is just as difficult as in MD and CD, the reducing effect of shear stresses is 
assumed to exist also for yield stresses in (Stenberg and Fellers, 2003). 
2. Literature review 
34 
2.3.2 FEM Material models  
Various models of paper and paperboard based on continuum mechanics have been recently 
developed for the applications in FEM-simulation. Their basic assumptions, features, 
capabilities and limitations are discussed in the following sections. (Mäkelä and Östlund, 2003) 
develop a material model for paper focusing on a simple and straightforward parameterization. 
The aim is to determine the input parameters through simple uniaxial tensile tests. The 
material model is orthotropic, elastic-plastic and contains a small deformation approach (the 
strain is decomposed into a sum of the elastic and plastic part). The model uses a modified 
Ramberg-Osgood relation (Eq. (2.5)) for the non-linear plastic part of in-plane deformation. The 
yield criterion is based on (von Mises) J2-flow theory and can be fitted to materials of different 
strength of anisotropy with one parameter. However, material properties in tension and 
compression can’t be defined independently.  
An orthotropic, non-linear elastic material model, valid for monotonically increasing loads for 
the simulation of uniaxial and bi-axial tensile loads is presented in (Castro and Ostoja-
Starzewski, 2003). As the model does not include plasticity, it does not give realistic results for 
unloading above the yield stress. The model uses the hyperbolic tangent function s (Eq. (2.4)) to 
fit the strain energy function.  
The basis for the material model “*MAT_274 Paper” in the FEM program LS-Dyna is presented 
in (Xia, 2002) and (Xia et al., 2002). The anisotropic, hyperelastic-plastic model is based on a 
large strain approach (deformation gradient is decomposed in elastic and plastic part). Contrary 
to (Mäkelä and Östlund, 2003), in-plane compression and tension are defined separately. The 
experimental data that is used for the construction of the yield surface is taken from (de Ruvo 
et al., 1980), assuming that the shapes of the yield surface and a failure surface are similar. 
Since the Tsai-Wu criterion according to (Xia et al., 2002) does not sufficiently capture the 
shape of the yield surface, a new yield surface that contains of 6 sub-surfaces is suggested. 
Shear stresses don’t influence the yield stress, even though a relationship is found in 
experimental investigations (Rowlands et al., 1985). The hyperbolic tangent function (Eq. (2.4)) 
is used to model the in-plane strain hardening. The mechanical properties in thickness are 
assumed to be purely elastic, but a cohesive model allows delamination under tensile loads in 
ZD and shear stresses. The material model shows good agreement with experimental results for 
in-plane tension and compression. However, the complexity of the model results in 37 input 
parameters in (Xia et al., 2002). An application of the Xia-model for the simulation of creasing 
shows significant alterations from the experimental results due to the assumption of non-linear 
elastic material behavior in ZD (Nygårds et al., 2005). The simulation is improved by addition of 
elastic-plastic behavior under ZD compression. However, the extension of the model in 
(Nygårds et al., 2009b) which is part of the implementation in LS-Dyna has 43 input parameters 
and is therefore even more demanding in the parameterization.  
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(Garbowski et al., 2012) suggest using the Ramberg-Osgood relation (Eq. (2.5)) for the plastic 
part of the in-plane stress-strain curve to reduce the number of parameters in this section from 
20 to 17. Furthermore, inverse modeling in conjunction with optimization to find the 
constitutive parameters is used for the determination of the input parameter with neural 
networks and a trust-region algorithm. Finally, biaxial tensile tests are performed and simulated 
to validate and test the material model. 
An orthotropic elastic-plastic material model with a large strain approach is developed in 
(Harrysson and Ristinmaa, 2008). The yield surface is derived from a Tsai-Wu failure criterion 
and the model is applied for the simulation of bending experiments with corrugated board. It 
furthermore matches experimental results from uniaxial and bi-axial tensile test very well.  
(Borgqvist et al., 2014) develop a model with a yield criterion based on the sub-surfaces from 
(Xia et al., 2002). The approach is expanded by adding an internal variable to every sub-surface. 
This enables the material model to capture distortional hardening, meaning that the hardening 
in different direction is decoupled. This procedure is motivated by experimental results which 
suggest that straining in MD or CD leads to a softening of the mechanical reaction in the 
opposite direction. In (Xia et al., 2002) and (Mäkelä and Östlund, 2003), strain hardening is only 
based on one internal variable, in case of (Xia et al., 2002) the effective plastic strain. 
Consequently, strain hardening is isotropic. Such models tend to overestimate the stiffness of 
the mechanical reaction of samples that were pre-strained in the perpendicular direction 
(Borgqvist et al., 2014) 
(Borgqvist et al., 2015) add six sub-surfaces to the model developed in (Borgqvist et al., 2014) 
to improve the plastic model in ZD and capture the influence of shear stresses on the out-of-
plane mechanical properties. The precise calculation of the shear stresses is especially 
important in simulations of creasing, because the delamination, which is primarily responsible 
for the reduction of bending stiffness in the creased zone, is induced by the shear stresses. The 
model is validated with the simulation of creasing with flat tools and subsequently used for the 
simulation of creasing with rotational tools. The model captures the experimental force curves 
of the line creases very well.  
A two-dimensional FEM-model with isotropic hardening and a three-layer structure for the 
simulation of creasing is presented in (Huang and Nygårds, 2010). The layers are connected by 
cohesive elements and allow delamination of the layers. The model is an improved version of 
the model developed in (Nygårds et al., 2009b) and reduces the effort for parameterization. 
The orthotropic, bi-linear, elastic-plastic model contains a Hill-type yield criterion and is further 
improved in (Huang et al., 2014) by adding shear strength profiles. The determination of the 
shear strength profiles is described in (Nygårds et al., 2009a, 2007). The results in (Huang et al., 
2014) show that a precise calibration of the cohesive interface model and the variation of the 
shear strength over the thickness of the material significantly improves the simulation of 
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creasing and folding. The comparably simple formulation of the yield surface does not 
deteriorate the accuracy of the simulation and reduces the effort for parameterization. 
Another model based on the formulation of the yield surface in (Xia et al., 2002) is developed in 
(Li et al., 2016a, 2015). The orthotropic, elastic-plastic model contains non-linear kinematic and 
isotropic hardening. Experimental result in (Li et al., 2016a) show that the in-plane compression 
yield stress is insensitive to prior tensile loading. The model is able to capture this behavior. The 
model shows a good accuracy in the simulation of off-axis uniaxial tensile tests. Furthermore, 
the model is validated with a punch test during which a spherical punch is pressed into a blank 
that is fixed on two sides. Analyses of the punch force and the strain field in the blank show 
that the model is capable to predict stresses and strains until shortly before rupture occurs. A 
fracture criterion is not incorporated.  
The model presented in (Xia et al., 2002) provides the basis for several improvements and 
extensions in (Li et al., 2016a),(Borgqvist et al., 2014), (Borgqvist et al., 2015),(Garbowski et al., 
2012) and (Nygårds et al., 2009b). However, the determination of the input parameters is a 
complex process, standardized measuring methods do not exist for multiaxial testing and the 
number of parameters sets in the literature is severely limited to very specific paperboards. 
Additionally, the parameters for the yield surface are based on few measurements of the 
fracture surface and the determination of a precise yield point itself is a cumbersome process 
that contains uncertainties (Linvill and Östlund, 2016b). Furthermore, the results from (Huang 
and Nygårds, 2010) suggest that the delamination during creasing and folding has a stronger 
influence on the results than the yield surface and therefore special attention should be given 
on the modeling of the delamination. Scientific consensus on the approach for the material 
modeling for the different converting processes (e.g. creasing, embossing, hydroforming) has 
not been reached, yet.  
2.3.3 Modeling of moisture and temperature 
Models for the simulation of the influence of moisture content and temperature can be roughly 
categorized into two groups. Firstly, one group has the purpose to simulate the transport 
processes of moisture and temperature in the material based on the microstructure. These 
models are primarily used to improve the understanding of the physical and chemical 
relationships and interdependencies of moisture and temperature in the network (Foss et al., 
2003). On the other hand, models that use empirical or semi-empirical relationships for the 
behavior of moisture and temperature have been developed. These models are primarily used 
to simulate the effects of moisture and temperature on the mechanical properties during 
deformation. (Ramarao, 1999) analyses different models for moisture transport in paper and 
assigns them to two groups: models that assume that paper is a homogeneous continuum and 
calculate an internal moisture flux and models that treat paper as a porous composite medium. 
The first group of models are black-box models that can be used to calculate the moisture 
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content based on empirical models. The second group can be attributed to white-box (or clear-
box) models that do include the physical background of the problem and can provide 
advancements in the understanding of the mechanisms of moisture transport. Consequently, 
the choice of the approach is dependent on the application and aim of the research. Many 
investigations have been performed to understand the effects that occur during drying in the 
production process of paper and paperboard. These investigations mostly cover high moisture 
contents that do not occur during the production and processing of packaging components. A 
model for the analysis of paper drying is developed in (Baggerud, 2004) and applied in (Östlund, 
2006) to investigate the effects of drying rate and varying fiber base on residual stresses after 
the drying process.  
(Rigdahl et al., 1984) examines the influence of moisture on E-modulus in paper based on 
Perkins network theory and experimental data from (Salmén and Back, 1980). The effective 
axial fiber modulus und finally E-modulus is calculated taking the reduction of the transversal 
and axial modulus of the fibers and moisture expansion into account. (Rigdahl et al., 1984) 
assume that the softening of the paper is mainly caused by swelling and softening of fibers and 
that fiber bonds exhibit perfect adhesion. Despite these assumptions, the model captures the 
change in stiffness of the network well for equilibrium moisture contents that occur below 75% 
relative humidity. The model underestimates the reduction in stiffness for higher moisture 
contents.  
(Alexandersson et al., 2016) develop a triphasic model to simulate the transport of moisture 
and temperature in paper reels. Fibers are the solid phase, water is the liquid phase and air and 
water vapor form the gaseous phase. Fickian diffusion is used to describe the diffusion of water 
vapor in air. The processes of adsorption and desorption are temperature dependent. The 
range of moisture content result from 50% to 80% relative humidity. 
(Pecht and Haslach, 1991) present a coupled mechanical and moisture content dependent 
model. The mechanical model is a nonlinear viscoelastic model that contains the effect of the 
moisture content on the mechanical properties. Due to the hysteresis in moisture content that 
occurs during cyclic changes in the ambient relative humidity, the history of the relative 
humidity must be considered to predict the current moisture content correctly. In comparison 
with experimental data, the model shows a good correlation between 50% and 90% humidity 
and with high load rates. Slower load rates lead to deviations of the model’s prediction from 
the experimental results. 
Moisture dependent non-linear hyperelastic models are fitted in (Yeh et al., 1991) using a vast 
amount of experimental data characterizing the relationship between the mechanical behavior 
and the moisture content. The hyperbolic tangent function (Eq. (2.4)) is used for the stress-
strain relation. The relative humidity ranges from 40% to 95%, the resulting equilibrium 
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moisture content is between 2.5% and 20%. The hyperbolic tangent function is found to deliver 
a good fit over the entire stress-strain range and for all tested moisture contents.  
(Aguilar Ribeiro and Costa, 2007) develop a viscoelastic-plastic model for simulations of the 
material behavior in ZD under compression and influence of temperature in the drying section 
of a paper machine. The model is built on cellular-solids theory including Maxwell-elements. 
The influence of moisture content is modeled by assuming that there are contributions from 
the solid and fluid phase to the E-modulus.  
(Linvill and Östlund, 2016a) improve the material model from (Wallmeier et al., 2015) by adding 
the combined influence of moisture content and temperature including interdependencies on . 
The combined influence on material properties E-modulus, tangent modulus and yield stress 
are fitted with linear and exponential functions in Eq. (2.8), Eq. (2.9) and Eq. (2.10). 
  = d
&efghifjh  (2.8) 
  = d
&klm X da&klm$ (2.9) 
 < = d
no efgpoifjpoifqpo∙ (2.10) 7  are the fitting parameters, + is the temperature and $ is the moisture content. Only the 
moisture content is found to have an influence on the tangent modulus, a relation between the 
temperature on the tangent modulus is not reported (Linvill and Östlund, 2016a). The yield 
stress is found to be affected by temperature, moisture content and an interdependency of 
both. Identical influences are reported for E-modulus in ZD and the shear modulus. Following 
assumptions are utilized in (Linvill and Östlund, 2016a) to derive a model with coupling of 
temperature and moisture content and influence on the mechanical properties: water in the 
pores is assumed to have no effect on the mechanical properties and the transport of water in 
the material during processing is assumed to be negligible, but phase changes from liquid water 
to water vapor may occur. Additionally, it is assumed that a moisture gradient is not present at 
any integration point. These assumptions make it possible to simulate the ratio of bound water 
depending on the temperature. Subsequently, the effect of the moisture content on 
mechanical properties can be calculated. The aforementioned assumptions enable the 
simulation of moisture and temperature effects. However, the moisture content is purely 
derived from the local temperature in the model from (Linvill and Östlund, 2016a), moisture 
transport is not included and a complete coupling of moisture and temperature effects is not 
achieved. 
(Askfelt and Ristinmaa, 2017) use an orthotropic, elastic-plastic material model that contains a 
yield criterion based on (Xia et al., 2002) to simulate the effect of rapid compression and 
heating between sealing jaws. The model takes inter-fiber gas flow, inter-fiber diffusion, and 
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the influence of water vapor and liquid water into account. The model is currently the most 
advanced approach for the simulation of heat and mass transport in paperboard. "The [...] 
model includes [...] the evolution of the porosity, large plastic deformations, 
evaporation/condensation, inter-fiber seepage and vapor diffusion, the combined heat flux, 
and energy losses/gains associated with the mentioned processes" (Askfelt and Ristinmaa, 
2017). 
The literature review of the FEM-models in section 2.3.2 (p. 34) shows that various models 
describing the characteristics of paper and paperboard have been developed and implemented 
in the last decades. However, except for the model by (Askfelt and Ristinmaa, 2017) none of the 
above mentioned material models includes the influences of moisture and temperature on the 
mechanical properties. FEM-software can provide possibilities to couple a simulation of the 
mechanical deformation with a simulation of the heat transfer. Mechanical properties can then 
be updated according to the temperature of the elements, based on models that provide a 
relationship between specific material properties, e.g. the E-modulus, and the temperature. 
The thermal coupling could potentially be modified to determine moisture transport and 
influence of the local moisture content on mechanical properties. However, the simulation of 
the influence of moisture and temperature effects require a coupling with two interacting 
parallel simulations. Extensive modifications of the element formulation and the coupling 
interfaces must be performed to implement moisture and temperature effects into 
commercially available FEM-software.  
2.3.4 Modeling of fracture 
Fracture mechanics is the discipline that deals with the initiation and propagation of fractures 
in various structures. A fracture criterion that describes a relationship between a measurable 
material property and a stress or strain that occurs during initiation of propagation of fracture 
is needed to predict the failure of a piece of packaging, a web or a structure (Kortschot, 2002). 
When the propagation of fractures is examined, the concentration of stresses in the tip of the 
rupture zone is especially interesting. Linear-elastic fracture mechanics containing factors that 
are depending on the geometry to determine the stress concentration (Östlund and Mäkelä, 
2012; Seth and Page, 1974). Energy methods can be used to calculate the energy in the rupture 
zone. The amount of locally concentrated energy gives an indication whether the fracture is 
propagating. Fracture is going to propagate if the concentrated energy is larger than the 
corresponding resistance. The energy dependent approach is favorable in case of highly non-
linear material properties (Östlund and Mäkelä, 2012). Other methods use cohesive zone 
models that predict the propagation of fracture using cohesive stress-widening curves (Tryding, 
1996). (Isaksson et al., 2004) present a continuum damage model that contains a parameter 
that characterizes the local degradation of the material.  
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Since the occurrence of fracture can be seen as a random event, statistical models are utilized 
to describe the probability and behavior of fracture (Uesaka, 2012). The foundation of these 
statistical methods is linking the distributions of material parameters to the probability of the 
occurrence of fracture. Different time dependent and time independent methods have been 
developed to analyze and explain the determining factors. Model based on Weibulls weakest 
link theory assume that fracture occurs in a network when the weakest element fails. The 
Bundle-theory on the other hand assumes that the load of an element is distributed on 
neighboring elements or on all elements (Uesaka, 2012). 
All mentioned methods have in common that the momentary stresses are compared with a 
material dependent failure stress, the fracture or failure criterion. These criteria can be 
constructed from stress-based or strain-based criteria. Strain-based criteria are according to 
(Linvill and Östlund, 2016b) favorable in simulations of forming processes, since strains can be 
predicted easier and more precisely than stresses. (Rowlands et al., 1985) compare different 
Hill-Type failure criteria (see also section 2.3.1.3, p. 31) and find that the Norris-criterion 
(Norris, 1950) enable a better prediction of the occurrence of fracture than a Tsai-Hill or 
Fischer-criterion (Fischer, 1966). But all models in (Rowlands et al., 1985) underestimate the 
failure stress when high shear stresses are applied simultaneously. A better fit to experimental 
data has been achieved using the Tsai-Wu criterion (Tsai and Wu, 1971) or modified forms 
(Tryding, 1994). The criteria require in some instances widely different effort for the 
parameterization. A Tsai-Wu requires experimental data from bi-axial tests while a Tsai-Hill 
model is solely based on uniaxial measurement data (Rowlands et al., 1985). (Arramon et al., 
2000) use a different approach and present a failure criterion for paperboard using Kelvin-
modes. The criterion is constructed out of several sub-surfaces and can therefore describe 
different modes of fracture. 
Delamination is the determining factor for the material behavior under tensile load in ZD, as 
discussed in detail in section 2.2.5 (p. 19). Delamination also occurs under shear and bending 
loads. Methods from fracture mechanics have been applied to describe this behavior. So-called 
interface-models can be used to enable separation of the different layers of the material in a 
simulation. Two different approaches have been used to include this feature. Firstly, cohesive 
elements can be placed between the layers. These elements can be deleted and removed from 
the model when a fracture stress or strain is reached (Beex and Peerlings, 2012; Giampieri et 
al., 2011; Hallbäck et al., 2006; Nygårds et al., 2009b). Secondly, tiebreak contact definitions can 
be used to enable the separation of the layers (Heimbs et al., 2008). Tiebreak contact can 
contain fracture criteria based on tensile failure stress and shear failure stress, and furthermore 
definitions for resisting stress versus gap opening for a post failure response. (Li et al., 2016b) 
assume that the relationship between stress and separation of the layers is initially linear, 
followed by a softening effect after damage initiation. The softening of the traction-separation 
law is modeled using an exponential function.  
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In-depth examinations of fracture in paper and paperboard have been performed and 
published. Methods, which were originally developed for metals and composites, have been 
successfully applied to paper and paperboard under different states of stress. The adaption of 
these methods for the prediction of ruptures during the infeed process of deep drawing of 
paperboard could be presumably possible, if the stresses and strains are correctly predicted by 
a simulation. However, the quality of the prediction of any fracture model is depending on the 
precision and extend of available experimental data. Significant shortcomings still exist, 
especially for experimental data under multiaxial loading.  
2.3.5 Modeling of friction 
The most prominent model for the description of friction if the Coulomb model in which the 
frictional force is only depending on the compressive stress and the coefficient of friction 9 
(Popov, 2009). The model can enable to consider static and dynamic friction by introducing the 
static coefficient of friction 9T and a state variable that describes the transition from static to 
dynamic friction. Viscous friction can be used to describe the effects of velocity. For this 
purpose, a force component that is proportional to the relative velocity is added. Negative 
viscous friction can occur at low relative speeds, which is known as the Stribeck-effect. It is 
necessary to take the Stribeck-effect into account when the model should be able to capture 
stick-slip effects (Armstrong-Helouvry, 1990). More complex models for friction are the Dahl-
model and the LunGre-model (Piatkowski, 2014). 
However, complex friction models are currently not used to describe the friction between steel 
surfaces and paper, because only few experimental investigations of this friction pairing have 
been published (section 2.2.7, p. 21). (Huang and Nygårds, 2012) assume Coulomb friction 
between steel and paperboard with a coefficient of friction 9 = 0.5. In (Everitt et al., 2013), a 
friction coefficient of 9 = 1 in a Coulomb model is used for the contact between the creasing 
tools and paperboard. Frictionless contact between paperboard and creasing tools is assumed 
in (Beex and Peerlings, 2009). (Groche and Huttel, 2016) use a friction model that takes the 
influence of the temperature of the tools into account. The influence of friction on the forming 
in the hydroforming process is investigated in (Groche et al., 2012), using coefficients of friction 
in the range from 9 = 0.3 to 9 = 0.6.  
The literature review shows that there has been special focus on the modeling of friction in the 
simulation of forming of paperboard. Experimental investigations have been performed 
(section 2.2.7 p. 21) and basic influences (e.g. surface temperature) are known, but have not 
been implemented into numerical models, yet. Additionally, friction tests under high 
compressive loads, resembling the stress state during deep drawing, have only recently been 
performed (Lenske et al., 2017). The lack of experimental data on the influence of moisture 
content, surface temperature, relative velocity and compressive stress severely restrict the 
advances in modeling.  
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2.4 Applications of models for paper and paperboard 
2.4.1 Simulations of packaging components and processing steps 
Section 2.3.2 (p. 34) shows that various material models for paper and paperboard have been 
developed on the recent past. Usually, these models are validated using uniaxial tensile tests 
(for example in (Mäkelä and Östlund, 2003)) and some are validated with bi-axial tensile tests. 
But only very few are used to simulate complex forming processes, like creasing with rotating 
tools in (Borgqvist et al., 2015) and only very few extensive parameter studies have been 
published, yet.  
(Sirkett et al., 2007, 2006) use a FEM-model to analyze the transition process from flattened to 
erect state of carton sleeves of a folding box. Buckling modes occur during this forming process 
when the machine operates at high speeds. The buckling leads to failure during the erection 
process and prevents the correct handling of the carton sleeve in following process steps. The 
simulations in (Sirkett et al., 2007, 2006) are used to optimize the position of the vacuum cups 
which hold the carton sleeve and the backstop. The suggested adjustments reduce the 
probability for the occurrence of buckling modes.  
Other simulations have been performed to analyze the mechanical properties of finished 
packaging components, for example in (Linvill, 2015) using a crippling analysis to calculate the 
strength of paperboard boxes. (Beldie et al., 2001) perform FEM-simulations of box-
compression tests. (Everitt et al., 2013) compare different analytical methods for the 
determination of box compression strength by (McKee et al., 1963), (Gangård, 1970) and 
(Ristinmaa et al., 2012). Additionally, (Everitt et al., 2013) use shell and solid elements in FEM-
simulations and are able to show that solid elements deliver a better prediction of the box 
compressive strength, since shell elements are limited when the shear stresses in the out-of-
plane direction is decisive.  
2.4.2 Simulation of creasing and folding 
Creasing and folding are important processes during the production of all folding boxes and are 
consequently two of the most applied forming processes in packaging. Creasing is used to 
induce a local weakening of the material structure to reduce the local bending stiffness and 
allow the forming of precise edges. Insufficient or excessive damage of the material in the 
creasing zone can occur when the process parameters are not precisely controlled, or material 
properties change, and lead to increase of waste and downtime of the packaging machine. 
Complex, three-dimensional loads are induced during the creasing process and a combination 
of bending and shear stresses lead to delamination. Due to the complexity and the economic 
significance, various investigations including simulations of creasing and folding have been 
published.  
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Early investigations of creasing with a FEM-model have been conducted by (Carlsson et al., 
1982), using an elastic and orthotropic model. (Carlsson et al., 1983) develop an analytical 
model that contains of two parallel beams, investigating relationships between bending 
moment, the geometry of the creasing zone and the elastic properties of the material. (Carlsson 
et al., 1983) conclude that larger areas of delamination significantly reduce the flexural stiffness 
and are therefore favorable for the subsequent folding process. The model matches 
experimental data well, when only one zone of delamination is formed over the thickness of 
the material. In case of multiple zones of delamination, the model overestimates the bending 
stiffness.  
(Barbier et al., 2005a) present a large strain, anisotropic elastic-plastic material model with an 
isotropic elastic-plastic coating layer for the simulation of folding of coated papers. (Barbier et 
al., 2005a) conclude that elastic effects are negligible in the final part of the folding process and 
that delamination and buckling do not significantly affect the damage during folding. (Barbier et 
al., 2005b) investigate the dynamic effects during folding and apply for this purpose a three-
layer laminate model which consists of two outer coating layers and a paper middle layer. The 
material model for paper is elastic-plastic with an isotropic elastic part and an anisotropic 
plastic part. The coating layer is assumed to be isotropic elastic-ideal-plastic. (Barbier et al., 
2005b) conclude from the simulations that the dynamic effects don't significantly influence the 
maximum stress and strains but alter the distributions of stresses and strains.  
The simulations in (Nygårds et al., 2009b) result in the conclusion that shear properties during 
the initial loading phase are decisive for the delamination behavior during creasing. In later 
stage of the process when the male die presses the material deep into the female die, the 
compressive properties in ZD seem to be more important. The friction properties between the 
creasing tools and the paperboard are found to play an important role for the force curve 
during unloading at the end of the process. A high coefficient of friction can open the 
delamination zone and consequently reduce the bending stiffness. 
(Huang and Nygårds, 2010) use a material model that is optimized for a quick and simple 
parameterization and reduction of the complexity. The model is orthotropic in the elastic part, 
contains a Hill-type yield surface and isotropic hardening. Delamination is enabled using 
cohesive elements, similar to (Nygårds et al., 2009b). Since the behavior under shear stress is 
found to be highly significant for the simulation of the delamination behavior, the model is 
further improved in (Huang et al., 2012) and (Huang et al., 2014) introducing variable shear 
strength over the thickness of the material. The measuring method for the shear strength 
profiles is developed in (Nygårds et al., 2009a) and improved in (Huang and Nygårds, 2011). 
Besides the shear strength, E-modulus, initial yield strength and hardening modulus are varied 
depending on the elements position in ZD of the material (Huang et al., 2012). Second-order 
polynomial functions are used to allow a smooth transition of the material properties between 
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the layers. The model provides good results in the simulation of the creasing and folding 
processes despite the relatively simple constitutive relations.  
(Beex and Peerlings, 2009) use an elastic-plastic material model with Hill-type yield surface. The 
elastic behavior is considered to be linear and orthotropic, and isotropic strain hardening is 
used. Delamination is modeled with cohesive elements that are based on traction and 
separation vectors. The model predicts the force curve of the male die during the loading part 
of the process very well, but deviations between simulations and experimental data occur 
during unloading. The simulation provides furthermore good results in the subsequent folding 
process for angles below 50°. Afterwards, the experimentally determined bending stiffness 
increased rapidly and the model underestimates the increase. (Beex and Peerlings, 2012) use 
the model from (Beex and Peerlings, 2009) to analyze the delamination in detail. Three 
different delamination models are used: no delamination, delamination without cohesive 
elements but with friction and traction-free delamination. The friction model provides the best 
results but underestimates the forces during creasing and the bending moment in the 
subsequent folding.  
While the aforementioned models are used to simulate the creasing and bending process itself, 
(Perego and Giampieri, 2009) develop an interface-element with a crease constitutive model 
for the simulation of the mechanical properties of a creased line. The constitutive model is a 
simplified parallel beam model, with an approach comparable to (Carlsson et al., 1983). 
(Thakkar et al., 2008) use a hypoelastic-plastic, orthotropic material model with Hill-type yield 
surface for the simulation of creasing of corrugated board. The two-dimensional model can 
capture parts of the force curve of the male die and the deformations of flute and liner during 
creasing. 
2.4.3 Simulation of hydroforming 
Differences and similarities of the processes deep-drawing, pressforming and hydroforming are 
presented and discussed in the sections 2.1.1 (p. 4), 2.1.2 (p. 6) and 2.1.3 (p. 7). In contrast to 
deep-drawing and pressforming, simulations of hydroforming have already been performed 
and published. (Huang and Nygårds, 2012) investigate the forming of peach-shaped three-
dimensional trays with hydroforming. Three different approaches for the modeling are 
compared. Firstly, a solid element four-layer model including delamination (Huang and 
Nygårds, 2010), secondly, a solid element four-layer model without delamination and thirdly a 
model with shell elements that ignores the mechanical behavior in ZD. Due to the lacking out-
of-plane properties, the shell model is found to be inadequate to characterize the forming 
behavior. A comparison of the solid element models with and without delamination show that 
the consideration of delamination is necessary to correctly predict the behavior of the material 
in the hydroforming process. The occurrence of ruptures in the process can be estimated using 
the strains that are calculated in the simulations. Furthermore, the authors conclude that the 
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performance of the paperboard in the hydroforming process could be improved by reduction of 
the in-plane anisotropy.  
(Linvill and Östlund, 2016a) use a model for the simulation of hydroforming that contains the 
influence of material temperature and moisture content on the mechanical properties. The 
simulations are compared and validated with the forming depth and the final volume of the 
formed tray. Only small differences between simulations and experiments are reported for the 
forming depth, but larger deviation occur when the volume of the formed cup is determined, 
especially at a temperature of 23°C. (Linvill and Östlund, 2016a) assume that the negligence of 
viscose effects is responsible for the deviations. The precision of the simulation is significantly 
improved when drying during the process is considered. A subsequent parameter study shows 
that reduction of the coefficient of friction has the greatest effect on the forming depth. 
(Groche et al., 2012) use an isotropic elastic-plastic model in ABAQUS with a von-Mises yield 
surface for the simulation of hydroforming. The pressure for mold-filling is determined in the 
simulations. Furthermore, limits for the blankholder force are determined to prevent ruptures 
and wrinkles. The model is validated with a mold filling detection system. the coefficient of 
friction between tools and paperboard is found to be the most important parameter and varies 
between 9 = 0.3 and 9 = 0.6. 
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3 Experimental process analysis 
3.1 Shape accuracy analysis 
3.1.1 Measurement method 
Two different forms of deviations from the required form of the deep drawn sample are 
defined in (Hauptmann, 2010). Shape accuracy is divided in a spring back angle that originates 
from the elastic recovery after the forming process and deflection of the cup wall. The 
deflection is caused by plastic deformations that vary over the material thickness which are 
induced during the infeed of the material into the die. The definitions of deflection and spring 
back angle are defined in Figure 4. 
The geometric data of the flange surface for the measurement of the shape accuracy is 
acquired using a Toolscan® R360 from Laboratory Imaging s.r.o.. The device is equipped with an 
Imaging Source DMK 51AU02 industrial camera and an IB/E TZ 16-0.5-100 telecentric lens. 
Samples are placed in the device using a sample holder that flattens the bottom of the cup. The 
device takes high resolution 3-D images that consist of multiple pictures of small areas of the 
sample which are stitched together.  
 
 
Figure 13: Left: Measurement principle of the surface scan in the Toolscan® R360. (Wallmeier et al., 
2016c). Right: Definition of MDP analysis for shape accuracy (Wallmeier et al., 2016c). 
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A laser scan of the surface is executed prior to the image acquisition to measure the shape on a 
scale of tenths of millimeters. The laser scan is utilized as a basis for the subsequent image 
acquisition and stitching of the individual images. The laser scan is performed by projecting a 
laser line on the surface of the sample, as shown in Figure 13 on the left. The position of the 
laser line is automatically detected in the image of the camera and provides the z-, and y-
position of the surface of the sample. The x-position is determined using the autofocus function 
of the camera system. The distance is precisely known due to the high numerical aperture of 
the camera system and the autofocus function that uses multiple regions in the image. The 
theoretical precision of the measurement is therefore mainly depending on the autofocus 
algorithm and the resolution of the camera which is 11.5 μm/pixel.  
The sample is rotated in discrete steps with the angle δ. An angle of s = 5° is utilized 
throughout the experiments. The distance between the measured points in z-direction of the 
sample  can be arbitrarily chosen. A value for  of 100 μm is used for all measurements. The 
limits are defined by tuv  and t&w. The result of the measurement is shown in Figure 14. A 
fine mesh results in a complete number of approximately 16000 measuring points on the 
surface of the cup. 
 
Figure 14: Geometry of measured data of the surface scan (Wallmeier et al., 2016c). 
Different approaches can be followed to determine a value that characterizes the shape 
accuracy of a sample (see also section 2.1.4.2, p.10). (Hauptmann, 2010) measures a spring 
back angle and the deflection of the flange. Furthermore, the paperboard cups tend to exhibit 
an oval shape due to the anisotropy of the paperboard. Comparisons of said approaches show 
that the most reliable results can be achieved by calculation of the mean deviation of all 
measured points from the required (or reference) shape. This procedure and the measurement 
results will be denoted as MDP (Mean Deviation of measuring Points). For the determination of 
the MDP-value, the reference shape and the measured shape must be superimposed. The 
difference between the reference and the measured shape has to be minimized. A coordinate 
transformation of the measured points is necessary due to a possible eccentricity of the sample 
in the measurement device. Without a coordinate transformation, random placement errors 
have a large influence on the result of the measurement. An ICP-algorithm (iterative closest 
point) is used for the task. The algorithm is based on (Bergström and Edlund, 2014) and 
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available at (“Mathworks,” 2015). It minimizes the difference between two clouds of points and 
returns values for the translation and rotation of the measured points to minimize the 
difference. The reference shape has to be discretized for the ICP-algorithm. The discretization is 
displayed in Figure 13 on the right side. The geometrical balance points of the reference shape 
and the measured points are superimposed. The points of intersection of lines between the 
geometrical balance points and the measured points and the reference shape form the 
discretized reference shape.  
The ICP-algorithm then utilizes a mean square error function to minimize the differences and 
outputs values for the translation and rotation of the measured data. Subsequently, the closest 
points of the reference and the source data are identified and the deviations   are calculated, 
as shown in Figure 13. In equation (3.1), the mean of the absolute values of   is calculated. 
 $? = %( − 1) ∑ ||z
%(  (3.1) 
The deviation is standardized utilizing maximum measured deviation %( so that the value 
1 represents a cup identical to the reference geometry. Negative values may occur when the 
measured deviation exceeds the deviation %(  (Wallmeier et al., 2016c). A flow chart of 
the analysis algorithm is in Appendix 5. 
3.1.2 Validation 
The Toolscan® R360 has not been developed to perform measurements of shape deviations. 
Therefore, a standard error is not provided by the manufacturer, and the operator can control 
several parameters that may have influence on the resulting MDP-value. The precision of the 
measurement depends on the calibration of the camera system and the internal coordinate 
system, as well as the precise adjustment of the laser, which projects a line on the sample. 
Therefore, an extensive and accurate validation of the measurement is necessary to estimate 
the potential precision of the method and sources of influence on the measurement. The 
magnitude of deviations from the required geometry in deep drawing of paperboard are in the 
range of a tenth of a millimeter. Consequently, the measurement should be precise in this 
range. 
The validation was performed in two steps. Firstly, alterations of the results due to influence of 
the operator were examined using a design of experiment (DoE) presented in Table 2. Secondly, 
a round calibration tool with an accurately measured diameter was produced to validate the 
precision of the measurement device. Table 2 contains parameters of the measurement that 
can be manipulated by the operator. The sample is not fixed in a centric position in the device. 
Consequently, the operator can place the sample in an eccentric position by accident. s, tv , t5w  and  in Table 2 must be specified by the operator before the scanning process starts. 
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The parameters of the deep drawing process for all experiments in the validation are kept 
constant with a blankholder force of 3000 N, punch temperature of 80°C, die temperature of 
120°C and punch velocity of 20 mm s-1. 
Table 2: Parameters and levels for the analysis of operator influence on the measurement.  
Levels [-1] [0] [1] 
Positioning centric eccentric 2mm eccentric 4mm 
δ [°] 2 5 10 
zstart [mm] 1.0 1.5 2.0 
zend [mm] 24.0 22.7 21.7 
dz [µm] 50 100 150 
A design of experiment for five parameters (Table 2) varied over three steps can become 
extensive, when interaction terms are included. Consequently, a design of experiment is chosen 
that does not consider interacting parameters and only examines the influence of every single 
parameter. 
Parameter estimates for the fitted model, standard errors, t-ratios and p-values for the t-
statistic are given in Table 3. The low p-values indicate that the positioning of the sample in the 
measurement device has a significant influence on the result of the MDP-value. Apparently, the 
ICP-algorithm does not correct the position, if the eccentricity of the sample exceeds 
approximately 2 mm. This effect occurs because the algorithm finds a local minimum for the 
differences between required geometry and measured geometry. However, the algorithm 
generated good results for eccentricities below 2 mm. Consequently, the positioning was 
executed with great care for all following experiments. The high p-values of s, tv and  
indicate that these values do not affect the result of the MDP-value. t5w  does have a 
statistically significant influence on the MDP-value. 
Table 3: Results of the investigation of operator influence. 
Term Parameter 
estimate 
Standard error t-Ratio p-value 
Positioning [-1] 0.4030 0.0010 389.7 <0.0001 
Positioning [0] -0.1977 0.0015 -132.2 <0.0001 
Positioning [1] -0.2053 0.0015 -132.3 <0.0001 
δ  0.0004 0.0008 0.45 0.6621 
zstart  0.0021 0.0013 1.72 0.1454 
zend  -0.0107 0.0015 -7.13 0.0008 
dz 0.0001968 0.0010 0.2 0.8506 
The MDP method provides results that are reasonably independent from the influence of the 
operator, as long as the positioning of the sample in the measurement device is centric within 
approximately 2 mm and t5w  is kept constant. Therefore, the calculation of the MDP-value 
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seems to produce robust and reliable results and is applicable for non-round shapes. The values 
for the parameters s, tv , t5w  and  are kept constant throughout the experiments. 
A cylindrical turned part made of aluminum was produced to validate the precision of the 
measurement device. The diameter is 50.0 mm measured with a precision gauge. The mean 
deviation of all measured points (MDP) from 50.0 mm is 0.0618±0.0366 mm. Therefore, the 
measurement device and algorithm can be considered precise within the required magnitude 
(Wallmeier et al., 2016c).  
3.1.3 Experimental conditions 
The geometrical properties of the tool set used for the analysis of the shape accuracy are 
displayed in Figure 15. High values of blankholder force are favorable, because this leads to the 
formation of a large number of wrinkles, which results in a good optical quality.  
 
Figure 15: Geometrical properties of the tools 
Table 4 provides the corresponding numerical values. All experiments are conducted using the 
deep drawing equipment at TU Dresden that is described in detail in section 2.1.4.1. The 
environmental condition during the experiments are 50±2% humidity and a temperature of 
23±1.5°C. All samples are stored in controlled climate for at least 12 hours at 50% humidity and 
23°C prior to the experiments. The material is StoraEnso Trayforma Natura 350. The properties 
of the material are given in Appendix 1. Samples exhibit an increasing deviation from the 
required shape after the process. The transfer from testing device to the measurement device 
is therefore performed as fast as possible in approximately 10 s to 20 s to reduce or eliminate 
the influence of the time dependency of the deformation. The measurement is executed in 
approximately 70 s. An analysis of the time dependency shows gradually declining shape 
accuracy over 24 hours. But large scatter in the results prevent precise predictions of the 
dimensional stability over time. Blankholder force, temperature of the die, temperature of the 
punch and moisture content of the material are the most prominent parameters of the process. 
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High values of blankholder force are favorable, because this leads to the formation of a large 
number of wrinkles, which results in a good optical quality (Hauptmann and Majschak, 2011). 
Table 4: Values for the geometry of the tools.  
Parameter Value   109.2 mm .   0.5° *  0.4 mm   110.0 mm *   3.0 mm ,	   0.46 mm 	  160 mm 	  110 mm 
Excessive values of blankholder force provoke ruptures during the process. Insufficient 
blankholder force leads to formation of a low number of wrinkles. Consequently, a high amount 
of material compresses in one wrinkle, and ruptures occur due to the local compression of the 
wrinkle. The temperatures of punch and die have two effects on the process. Firstly, 
mechanical properties of the paperboard, like the elastic modulus are changed with increasing 
temperature. Secondly, the diameter of punch and die depend on the temperature due to 
thermal expansion (Wallmeier et al., 2016c).  
Table 5: Parameters and levels for the parametric study. 
Parameter Levels 	  in N 1000 3000 5000 + in °C 80 160  + in °C 80 160  
MC in % 6.4 10  
Consequently, the drawing gap between punch and die can be increased or decreased 
depending on the difference between the temperatures. Additionally, the moisture content of 
the paperboard is varied. Geometrical parameters of the tools are not investigated in the 
parametric study of the shape accuracy. The parameters and corresponding levels are displayed 
in Table 5. A full factorial design of experiments is chosen with 24 different testing points. Five 
repetitions for each testing point result in a total number of 120 experiments. 
3.1.4 Results 
3.1.4.1 Parametric study 
120 experiments of the full factorial DoE (section 3.1.3, p. 50) result in 41 ruptured and 
therefore unusable samples and 79 successful experiments which are used for the statistical 
analysis. The analysis is performed using the statistics software JMP® Pro 11.1.1 (64-bit) by SAS 
Institute Inc. The results of a linear regression are presented in Table 6. It shows the parameter 
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estimates for the regression model and the standard error. The ratio of parameter estimates 
and standard error is the t-Ratio. A low p-value indicates a statistically significant influence of 
the corresponding parameter on the shape accuracy.  
Table 6: Parameter estimates, standard errors and t-ratio for the parameter study. 
Term Parameter 
estimate 
Standard error t-ratio p-value 
Intercept 0.893 0.0029 306.14 <.0001 +  0.0353 0.0015 22.76 <.0001 +  0.0352 0.0016 20.79 <.0001 + ∗ +  -0.0251 0.0016 -14.81 <.0001 + ∗ 	   8.23e-6 1.10e-6 7.46 <.0001 	   -7.79e-6 1.06e-6 -7.35 <.0001 + ∗  $  -0.0103 0.0017 -5.82 <.0001 + ∗ + ∗ 	   -3.728e-6 1.13e-6 -3.28 0.0016 + ∗ + ∗ $  0.00523 0.0017 2.95 0.0044 
The test for the normality of residuals of the model is displayed in Figure 16 on the left side. 
The mean value of the residuals is 9 = −2.30
{ the standard deviation is < = 0.0199. A 
Shapiro-Wilk W-test for goodness of fit of a normal distribution to the residuals returns a W-
value of | = 0.985, and a p-value of } = 0.499 at a confidence interval of . = 0.05. The null 
hypothesis for this test is that the data is from a normal distribution. Small p-values reject the 
null hypothesis.  
  
Figure 16: Left: Distribution of residuals for the model. Right: actual versus predicted plot for the 
parametric study.  
The plot of the actual (or measured) values over the predicted values in Figure 16 on the right 
side shows that all points are closely located around the diagonal line, indicating a good fit of 
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the model. The coefficient of determination ~ of the whole model is 0.97. An analysis of 
variance results in an F-ratio of 242.38 and a p-value smaller than 0.0001, indicating a very low 
probability that there is no significant effect in the model. The lack of fit test compares the pure 
error to the fitting error and results in an F-ratio of 1.95 and } = 0.053. Since a significant lack 
of fit leads to a small p-value, this model seems to provide a sufficiently good fit. Generally, 
interaction terms of more than two parameters are usually not significant and difficult to 
interpret, but good results in the lack of fit test without the three-parameter interaction cannot 
be achieved for the measured data.  
 
Figure 17: T-ratios and 95% confidence intervall for the parameter study. 
Figure 17 shows that the temperatures of the punch and die are both highly significant. 
Increasing the temperature improves in both cases the shape accuracy (Figure 18, Figure 19). 
The best results can be achieved when both temperatures are high. The interaction of the tool 
temperatures has a negative value, indicating that the temperature of the die has less influence 
on the shape accuracy when the temperature of the punch is also high and vice versa. The 
effect of the interaction term is shown in Figure 18 by the twist in the plane. This indicates that 
a certain amount of thermal energy is needed to improve the shape accuracy and it seems 
irrelevant whether this thermal energy is provided by punch or die. The influence of the tool 
temperatures coincide with the results in (Hauptmann, 2010). The t-ratios in Figure 17 show 
that the blankholder force has a statistically relevant negative influence on the shape accuracy. 
Increasing blankholder force results in decreasing shape accuracy. The paperboard is bent 
around the radius of the die when it is pulled into the die. The friction force applied by the 
blankholder holds the paperboard, counteracts the infeed process and leads to radial tensile 
straining of the materials. Bending around the radius of the die results in a non-uniform state of 
stress through the thickness of the paperboard. Increasing blankholder force may therefore 
lead to plastic deformation and consequently an increased shape deviation. The interaction of 
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punch temperature and blankholder force results in a negligible influence of blankholder force 
at high punch temperature (Figure 18). This behavior could originate from the compression 
between punch and die due to the thermal expansion of the punch at high temperature.  
 
 
Figure 18: MDP over punch and die temperature for different blankholder forces.  
The influence of moisture content itself in Figure 17 is not statistically relevant. This is 
surprising, because the data by (Yeh et al., 1991) indicates that the influence of moisture 
content on E-moduli and shear moduli is similar to the influence of temperature on these 
mechanical properties. The insignificance could arise from an insufficient variation of the 
moisture content between 6.4% and 10%. 
The interaction of moisture content and temperature of the punch as well as the three-
parameter interaction term of moisture content, punch temperature and die temperature are 
statistically significant. This indicates that with increasing moisture content, the influence of 
punch temperature gets less relevant. Due to the three parameter interaction, the moisture 
content has no impact at low tool temperatures, but has a stronger influence at low die 
temperature and high punch temperature, and when both tool temperatures are high (Figure 
19).The moisture content could have several counteracting effects. Firstly, the softening effect 
of a high moisture content could facilitate the deformation and formation of wrinkles. This 
effect of the moisture content should improve the shape accuracy of the sample. However, the 
model generally indicates that a lower moisture content results in a superior shape accuracy. 
Consequently, a different stronger mechanism seems to be present. Secondly, drying during the 
process could result in fixation of the structure. This process seems to be more effective with a 
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lower initial moisture content and furthermore seems to dominate the softening effect. 
However, all terms containing the moisture content in the model are not highly significant due 
to scattering of the results.  
 
Figure 19: MDP over punch and die temperature for different moisture contents. 
This may arise from manual starting procedure of the process in which the paperboard is 
located on the heated die and starts to dry before the process is started by the operator. 
Substantial effort has been made to keep the starting procedure as constant as possible, but it 
remains a source for variations. 
The shape accuracy is naturally a non-linear variable, because it cannot exceed the value of the 
required (or reference) geometry. Therefore, a model should be chosen that has asymptotic 
behavior when the prediction of the shape accuracy based on process and material parameters 
is pursued. In this investigation, many variables are investigated and consequently, only two 
levels are chosen per parameter. As a result, only a linear model can be fitted to the data and 
the model has no predictive capabilities outside of the investigated parameter range. 
3.1.4.2 Influence of heat energy transfer 
It is possible to test the hypothesis of the influence of heat energy by additionally changing the 
velocity of the punch to control the amount of energy that is applied to the paperboard during 
the process, which reduces the time for the heat energy transfer. Table 7 shows the associated 
levels of the parameters. The tests are designed to capture parameter inter-actions and 
quadratic effects. The resulting experimental design consists of 48 test points, each repeated 
three times.  
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Table 7: Parameters and levels for temperature and velocity effects. 
Parameter Levels + in °C 80 120 160 + in °C 80 120 160 - in mm s-1 10 155 300 
The parameters, standard errors and t-ratios for the model that is utilized to fit the measured 
data are listed in Table 8. The goodness of fit test for the normality of the distribution of 
residuals results in probability>W values of 0.298. The distribution is displayed in Figure 20 on 
the left side. Since the null hypothesis states that the data is from a normal distribution and 
small p-values reject the null hypothesis, a normal distribution can be assumed for the 
distribution of the residuals.  
Table 8: Parameter estimates, standard errors and t-ratio for the energy dependency study. 
Term Parameter 
estimate 
Standard error t-ratio p-value 
+  0.0606 0.006557 9.24 <0.0001 +  0.1001 0.006185 16.18 <0.0001 -  -0.169 0.006843 -24.77 <0.0001 + ∗ +  -0.018 0.007448 -2.45 0.0193 + ∗ -  0.0181 0.00730 2.49 0.0176 - ∗ +  0.0389638 0.006776 5.75 <0.0001 +n -0.007441 0.015981 -0.47 0.6444 +   -0.036145 0.018843 -1.92 0.0633 -  0.0717208 0.016861 4.25 0.0001 
A comparison of actual and predicted values of the model in Figure 20 on the right side shows a 
good correlation between the measured data and the fitted model with a R2-value of 0.97, 
consequently 97% of the variance in the results are explained by the model. The t-ratios in 
Table 8 are additionally displayed in Figure 21. The t-ratios for punch temperature and die 
temperature are similar to those in Figure 17, further supporting the results from the 
parameter study. The velocity of the punch has an even greater impact on the shape accuracy, 
large punch velocity leads to significant worsening of the shape accuracy. An analysis of 
variance results in  = 126.3 and } < 0.0001 for confidence interval of . = 0.05. This 
indicates that, there is at least one significant regressor in the model. 
Paperboard exhibits a stiffening of the in-plane tensile behavior when the strain rate is 
increased (Andersson and Sjöberg, 1953). (Gustafsson and Niskanen, 2012)claims that 
furthermore the strain at break is reduced when the strain rate is increased. The interaction of 
punch temperature and velocity is statistically significant, as well as the squared velocity value. 
The interaction of die temperature and punch temperature is similar to the effect of these 
parameters in Figure 17 and supports the findings from the parameter study.  
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The interaction of die temperature and punch velocity has a t-ratio above the . = 0.05 
confidence limit and the same impact as the interaction of punch temperature and punch 
velocity. The quadratic effects of punch temperature and die temperature are very close or 
under the . = 0.05 confidence limit. 
  
Figure 20: Left: Distribution of residuals for the model. Right: actual versus predicted plot for the 
investigation of heat energy influence.  
The fitted model for MDP over punch temperature and punch velocity is displayed in Figure 22. 
Changes of MDP are mostly observed when the velocity is changed between 10 mm s-1 and 
155 mm s-1. A further increase of the velocity to 300 mm s-1 does not lead to drastic changes in 
the shape accuracy because of the quadratic effect of punch velocity. This can be explained by 
the procedure of the deep drawing process. The blank rests on the heated die for 
approximately two seconds prior to the start of the process. When a high velocity of the punch 
is used, the process time is short in comparison to the start procedure. 
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Figure 21: T-ratios and 95% confidence intervall for the investigation of heat energy influence. 
Consequently, an asymptotical behavior can be assumed, rather than a quadratic effect of the 
punch velocity. The quadratic effect of the punch velocity might disappear when the time 
between material infeed and process start can be reduced.  
 
Figure 22: MDP over punch velocity and punch temperature.  
The improvement of the shape accuracy with increasing die and punch temperature and the 
interaction term of punch and die temperature indicate that induced heat generally enhances 
the shape accuracy, either due to facilitating the deformation by softening or fixation due to 
drying of the material. The change of strain rate and the reduction of transferred heat energy 
with increasing punch velocity have a similar effect on the mechanical behavior of the 
paperboard. Both mechanisms lead to a stiffening of the mechanical response and are 
therefore disadvantageous to the formability of the paperboard in the deep drawing process. 
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3.1.4.3 Relationship between shape accuracy and transferred heat energy 
The results of section 3.1.4.2 give a strong indication that in fact the amount of heat energy 
which is transferred to the paperboard during the forming process is the most important 
parameter to control and influence the shape accuracy. The amount of heat energy has to be 
determined in order to confirm this hypothesis. However, the it cannot be easily calculated 
because of the dependency on the die temperature, the punch temperature, the punch velocity 
and the residence time of the sample on the heated die prior to the start of the process. 
Furthermore, the differential equations for the heat flow into the paperboard by two heated 
plates with changing temperatures and consideration of heat conduction and radiation cannot 
be solved analytically. Consequently, numerical methods must be used to calculate the heat 
energy.  
Table 9: Parameters for the thermodynamic model (Wallmeier et al., 2015). 
Parameter  Value 
Specific heat capacity (Steel) (The engineering Toolbox, 2015) 474 J kg-1 K-1 
Thermal conductivity (Steel) (The engineering Toolbox, 2015) 48.5 W m-1 K-1 
Thermal conductivity (Air) (The engineering Toolbox, 2015) 0.0257 N s-1 K-1 
Stefan-Boltzmann constant (The engineering Toolbox, 2015) 5.67 x 10-8 W m-2 K-4 
Emissivity (Steel) (The engineering Toolbox, 2015) 0.5 
Emissivity (Paper) (The engineering Toolbox, 2015) 0.92 
Heat transfer conductance (The engineering Toolbox, 2015) 0.5 N s-1 K-1 mm-1 
A simplified thermo-mechanical FEM-model for the heat flow in the deep drawing process is 
developed using the FEM software LS-DYNA. This simulation only aims to predict the heat flow 
into the material during the process, therefore the complex material deformation of deep 
drawing is not included. The geometry of the flange is reduced to a square with the surface 
area of the flange, and it is compressed between two plates that represent punch and die, as 
shown schematically in Figure 23. The blankholder is not included in the simulation, because it 
is not heated; the heat flow into the blankholder is assumed to be negligible due to the short 
period of contact between blankholder and paperboard. The moisture content is assumed to be 
constant during the process. The material is compressed between the deep drawing tools 
throughout the process which limits the potential for evaporation. The paperboard is placed on 
the die in the beginning of the process. After 2 s, the punch slides over the paperboard with the 
punch velocity -. The parameters for the heat transfer are given in Table 9. Additionally, 
specific heat capacity c and the thermal conductivity of the paperboard 8 depend on the 
temperature of the paperboard. Both relationships are approximately linear and can be written 
as: 
 _+` = 4.11 dR / ∗ + X 1033 dR / (3.2) 
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and  
 8_+` = 1.83 ∗ 100 |% / ∗ + X 0.077 |% / (3.3) 
Note that the unit of the temperature is °C. The mechanical model is reduced to a simple elastic 
model to reduce computational effort. 
 
Figure 23: Sequence of the heat flow simulation of the deep drawing process (Wallmeier et al., 2016c). 
The result of the simulation in Figure 24 shows the temperature of five elements, located 
adjacent in the z-direction, over the location of the elements and the simulated time. Figure 24 
shows the simulated heating process. The paperboard is in contact for the first 2 seconds of the 
process with the heated die. The punch comes in contact with the paperboard after 2 s. After 
approximately 4 s, the heating process is finished, and the paperboard is uniformly heated to 
160°C. The heat energy   transferred to the paperboard during the process can be calculated 
with 
 +ℎ =   %  +++X∆,+
J
=1
$
=1  (3.4) 
where $ is the number of time steps, J is the number of elements, %&  is the mass of one 
element , +  is the temperature of an element  in the time step , , is the time step and _+` is the temperature dependent specific heat capacity of an element. As the simulation of 
all 48 testing points of the parameter study in section 3.1.4.1 (p. 51) with the levels from Table 
7 would be very time consuming, only 10 testing points are chosen for the simulations. Punch 
and die temperatures, punch velocities, the measured MDP and simulated heat energy are 
given in Table 10. Figure 25 displays the measured MDP-values, the standard deviations of five 
repetitions per testing point over the simulated heat energy transferred to the paperboard 
during the process. 
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Table 10: Parameter combinations and results of MDP measurement and heat transfer simulations 
(Wallmeier et al., 2016c). + in °C + in °C - in mm s-
1 
MDP Standard 
deviation 
Simulated heat energy in J 
80 80 10 0.732 0.0101 1644.92 
80 80 300 0.332 0.0051 848.00 
160 80 300 0.488 0.0393 1930.04 
160 160 300 0.694 0.0197 2136.72 
80 160 10 0.875 0.0126 2975.04 
160 160 10 0.921 0.0093 4440.40 
120 80 155 0.481 0.0100 1494.56 
160 160 10 0.902 0.0161 1808.68 
160 160 300 0.732 0.0117 2287.52 
120 160 155 0.810 0.0168 1018.08 
The variance of the results, especially in the MDP range of 0.5 to 0.6 is substantial, but the 
results still suggest that increasing heat energy improves the shape accuracy. The variation may 
result from the influence of strain rate on the mechanical response of the paperboard which 
was not included in the model. 
 
Figure 24: Temperature over time and material thickness for +  =  160°, +  =  120° and -  = 10 %% F0
 (Wallmeier et al., 2016c). 
At a shape accuracy of approximately 0.9, further application of energy does not dramatically 
improve the forming result. Note, that the MDP value of 1.0 represents a perfect cylindrical 
form of the sample. Due to the probably asymptotic behavior, a fit with a hyperbolic tangent 
function _(` = tanh _7
 ∗ _( X 7`` with 7
 = 0.0004256 and 7 = 52.22 is chosen to 
indicate the influence of heat energy and probably the subsequent drying on the shape 
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accuracy. The fit has a R2-value of 0.622 due to the scatter in the results and the many 
assumptions in the FEM-model. 
 
Figure 25: Relationship between heat energy and shape accuracy (Wallmeier et al., 2016c). 
The effect of thermal softening of paper is well-known (section 2.2.9.3, p. 26). Although it is 
difficult to determine a yield stress for paper, the measured data show that the transition phase 
from elastic to plastic material deformation is shifted to lower tensile loads. Therefore, it is 
likely that the increase in material temperature at high tool temperatures facilitate plastic 
deformation during the deep drawing process leading to decreased spring back and improved 
shape accuracy. 
3.2 Analysis of wrinkling 
3.2.1 Method 
(Hauptmann, 2010) states that the wrinkling occurs during the infeed of the material into the 
die under the blankholder. The wrinkles are already formed when the material enters the gap 
between punch and die. A tight gap between punch and forming cavity increases the pressure 
and smoothens the surface but doesn't influence the formation and number of wrinkles in 
general. However, wrinkles can only be detected when the differences in the brightness 
between wrinkles and the surrounding area are sufficient. The smooth surface that results from 
high compression in the drawing gap impedes the detection of wrinkles, as shown in Figure 26. 
Consequently, the experiments for the analysis of wrinkling are conducted with a drawing gap 
between 0.45 mm and 0.75 mm, which is equal or slightly bigger than the material thickness 
(0.46 mm).  
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Figure 26: Wrinkles and detection for 	 = 8000 J, + = 160°, + = 160°, $ = 12%, - =10 %% F⁄ ,  = 109.4 %% 
The imaging device Toolscan R360 by Laboratory Imaging s.r.o. uses an industrial camera and 
four movable axes for positioning, rotation and focusing. In order to capture an image of the 
complete flange, the imaging device records a low-resolution scan of the surface of the flange. 
Pictures that show an image section are mapped on the scanned surface. The result is a three-
dimensional, grayscale image of the developed elevation of the flange. 
 
Figure 27: Digital image editing and detection of wrinkles. 
Different steps of image processing are necessary for the detection of wrinkles. A flow chart of 
the detection algorithm is presented in Appendix 6. An uneven surface, dark fibers and spots 
make detection of wrinkles difficult. Several spatial filters can be used to reduce noise 
(Gonzalez et al., 2004). The median filter, for example, computes the median of a defined 
neighborhood of a pixel. As a result, every pixel gets the median value of its neighborhood, and 
small structures like dark fibers are suppressed.  
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Wrinkles on the cup wall of a deep-drawn cup are approximately parallel. The wrinkles form 
lines that can be sharpened using line or edge detection algorithms, such as Prewitt, Sobel or 
Laplacian of a Gaussian edge detectors (Gonzalez et al., 2004). Further possibilities provides the 
Canny edge detection algorithm, which already includes noise reduction and binarization of the 
image (Canny, 1986). Prewitt, Sobel and Laplacian of a Gaussian edge detectors produce 
grayscale images with enhanced edges. Binarization of the image results in separation between 
black and white areas depending on a threshold value. Morphological image processing, like 
dilation, erosion, opening and closing are used to edit the result, shown in Figure 27 b). 
White areas, representing wrinkles, are detected using matrix operations. For this purpose, the 
picture is scanned in the vertical direction for white areas of a pre-defined size. All detected 
white areas on a vertical line represent the number of wrinkles at that specific cup height. 
Therefore, the examination of one cup offers information about the number of wrinkles at 
different cup heights. The black squares in Figure 27 c) are automatically inserted into the 
picture by the wrinkle detection algorithm. These squares represent positions where wrinkles 
have been detected in Figure 27 b). The operator can compare the result of the detection and 
the raw image to estimate the detection rate or adjust filter parameters, which enables the 
operator to conduct an easy and fast validation of the measurement. Good results have been 
achieved with the following combination of filters: 
• Median filter for noise suppression with a 13 x 13 convolution kernel, 
• Sobel edge detection filter  = −1 −2 −10 0 01 2 1 , 
• morphological operations: opening, closing and dilation with a line parallel to the 
principal orientation of the wrinkles as the structuring element. 
Examples for the appearance of wrinkles and the performance of the detection algorithm are 
given in Appendix 8.  
3.2.2 Validation 
The algorithm for the automatic detection of wrinkles must be validated to ensure that the 
results are trustworthy. Since no other automated method for the determination of the 
number of wrinkles is currently available, the number of wrinkles for 105 samples is counted 
manually. The result is presented in Figure 28. The histogram shows the number of samples 
over the groups of percentage deviation from the result obtained with the algorithm. The 
algorithm finds only in very few cases too many wrinkles so that the manual correction of the 
result must be negative. The vast majority of samples is in the range of 0% to 7% deviation from 
the manual result. Only very few samples have a deviation exceeding 10%. Naturally, the 
manual determination of the number of wrinkles also contains sources for error. In many cases, 
the decision whether a structural anomaly should be counted as a wrinkle or not is a question 
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of interpretation. The boundaries for the interpretation might change over time or differ from 
operator to operator. 
 
Figure 28: Percentage of mistakes from manual correction of the number of wrinkles. 
Furthermore, an analysis of correlations between process parameters and the deviation of 
manual and automatic analysis is performed. No significant parameters of influence are found, 
consequently, no parameter setting leads to a systematic falsification of the results. 
Furthermore, a relationship between the number of wrinkles and the detection rate cannot be 
found. The detection rate decreases with strong compression when a narrow drawing gap is 
used (Figure 26). Analyses of the manual counted samples show no significant influence of the 
drawing gap. This is supported by the claim in (Hauptmann, 2010) that wrinkles are formed 
under the blankholder and the formation of wrinkles is finished when the material is drawn into 
the gap between punch and die.  
3.2.3 Results 
3.2.3.1 Influence of material properties on wrinkling 
Variations of material properties, except for the moisture content, are generally excluded to 
reduce the complexity in this work. However, the great influence of the material properties on 
the forming in the deep drawing process is shown in Figure 29 exemplarily for the case of the 
formation of wrinkles. Representative excerpts of the flange area with the detected wrinkles 
are displayed in Figure 29 on the left. Firstly, laboratory sheets made of Bleached Eucalyptus 
Kraft Pulp (BEKP) and Northern Bleached Softwood Kraft Pulp (NBSK), different grades of 
refining and wet pressing are tested. Refining is varied between no refining (denoted by NR) 
and a value of SR35 (Schopper-Riegler dewatering resistance following (ISO 5267-1:1999, 
1999)). Laboratory sheets produced with the Rapid-Köthen method (ISO 5269-2:2004, 
2004).The press section of the papermaking machine is simulated in the experiments using a 
hydraulic press. The hand sheets are placed in the press directly after the hand sheet forming 
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process. Due to dewatering, a pressure of 0.1 MPa is the lowest pressure that could be applied 
and 89 MPa is chosen as the upper limit. The pulping process is performed following (ISO 5263-
1:2004, 2004). Additionally, laboratory sheets made of pressurized ground wood pulp (PGW) 
prepared with a Lamort disintegrator are tested. The reference material, denoted Ref.1 in 
Figure 29 on the left side, is Stora Enso Trayforma Natura 350.  
The result of the measurement of the number of wrinkles is displayed in Figure 29 on the right 
side over the cup height. The number of wrinkles at low cup heights is close to zero for all 
samples and increases steadily over the cup height. PGW and all BEKP samples with refining or 
wet pressing show a similar behavior.  
 
Figure 29: Comparison of measured number of wrinkles around the wall of formed samples from 
laboratory sheets(Hauptmann et al., 2015).  
The reference material displays slightly fewer wrinkles over the cup height below 20 mm. 
Significantly fewer visible wrinkles can be achieved with minimal wet pressing and refining for 
both BEKP and NBSK. The underlying mechanism is the facilitation of material deformation due 
to a high pore volume. Consequently, the material can deform internally under the in-plane 
compression instead of forming wrinkles (Hauptmann et al., 2015). Refining and wet pressing 
increase tensile strength and beating increases the strain at break significantly. However, the 
mechanical properties tensile strength and strain at break seem to be unessential for a good 
formability in the deep drawing process. Bending stiffness decreases when more wet pressing is 
applied. This effect occurs due to the reduction in thickness of the material. A separation of the 
bending stiffness E-modulus and the material thickness can be achieved by calculating a 
bending stiffness index, where the bending stiffness is divided by the thickness to the power of 
three. The untreated samples (no refining and wet pressing) have a significantly lower bending 
stiffness index than the other samples (Hauptmann et al., 2015). 
3.2.3.2 Parametric study 
The process parameters that are used in the parametric study of the formation of wrinkles are 
displayed in Table 11. The parameters blankholder force (	), die temperature (+), punch 
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temperature (+), moisture content (MC), punch velocity (-) and punch diameter () are 
varied.  
Table 11: Parameter levels for the wrinkling analysis.  
Parameter Levels 	 in N 1000 4000 4500 6000 7000 8000 +  in °C 80 120 160 + in °C 80 120 160 
MC in % 6 12 - in mm s-1 10 55 100  in mm 108.5 109.1 
Parameter estimates, standard errors, t-ratios and p-values for the regression model for the 
formation of wrinkles are given in  
Table 12. Punch diameter and moisture content have no significant influence on the formation 
of wrinkles. Therefore, their regressors are removed from the model. The actual number of 
wrinkles over the predicted values by the model are shown in Figure 30 on the right side. The 
points in Figure 30 are grouped closely around the diagonal line in the figure and therefore 
indicate a good fit of the model. 
  
Figure 30: left: Test for normality of the residuals. Right: Actual values of the number of wrinkles over 
the predicted values of the model. 
The t-ratios and the two-sided confidence interval of Student’s t-distribution are displayed in 
Figure 31. The model has an overall ~-value of 0.91. An analysis of variance results in an F-
value of 59.54 and } < 0.0001 for . = 0.05. The p-value is a measurement for the probability 
to obtain the present F-value under the assumption that all parameters except the intercept 
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are zero. The small p-value indicates that the observed F-value is unlikely to occur randomly 
and therefore shows that there is at least one significant effect in the model. 
Table 12: Parameter estimates, standard error, t-ratios and p-values for the wrinkling model. 
Term Parameter 
estimate 
Standard error t-ratio p-value 
Intercept 356.16 6.31 56,46 <.0001 	  0,0226356 0,000781 28,99 <.0001 	  -6,317e-6 5,615e-7 -11,25 <.0001 -  -0,513161 0,050402 -10,18 <.0001 + ∗ -  -0,010683 0,001828 -5,84 <.0001 	 ∗ +   0,0001243 2,135e-5 5,82 <.0001 +  0,4076684 0,070398 5,79 <.0001 	 ∗ -  -7,611e-5 1,458e-5 -5,22 <.0001 +  0,2153215 0,054527 3,95 0.0003 
The lack of fit test compares the pure error to the fitting error and gives an indication whether 
the variance in one testing point is larger or smaller than the variance between the different 
testing points. The lack of fit test for the wrinkling model results in F-ratio of 0.8311 and } =0.553 for the level of significance . = 0.05. In this case, small p-values indicate a significant 
lack of fit. Since the p-value is much larger than 0.05, a good fit of the model can be assumed. 
Figure 30 shows on the left side the test for normality of the residuals of the wrinkling model. A 
Shapiro-Wilk-W goodness of fit test results in a W-value of 0.98 and } = 0.50.  
 
Figure 31: T-ratios for the parameters of the model for the wrinkling analysis.  
In this test, the null hypothesis states that the data is from a normal distribution. Small p-values 
reject the null hypothesis. Therefore, normality of the residuals can be assumed. Figure 31 
shows that the blankholder force is the most significant process parameter for the formation of 
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wrinkles, followed by the quadratic term of the blankholder force. Punch velocity, die 
temperature, the interaction of punch temperature and punch velocity, the interaction of 
blankholder force and die temperature and an interaction term of punch velocity and 
blankholder force are also significant. The t-ratio for the punch temperature is also 
considerably higher than the confidence interval.  
 
Figure 32: Maximum number of wrinkles over blankholder force and die temperature for + = 80°, $ = 6%, - = 50 %% F0
 
Figure 32 shows that a very low number of wrinkles results from a low blankholder force. The 
significance of the quadratic term for the blankholder force indicates that a maximum number 
of wrinkles exists depending on the blankholder force. The model predicts the highest number 
of wrinkles with a blankholder force around 5000 N and a decreasing number of wrinkles when 
the blankholder force exceeds 5000 N. One could assume that the pressure at high blankholder 
force might flatten the surface and reduce the detectability of the wrinkles. However, the 
validation does not exhibit a relationship between high blankholder force and a high deviation 
of the manually and automatically determined results. The significance of the quadratic effect 
in the model could also arise from a geometrical limitation of the number of wrinkles.  
The geometry of the cross-section of a flange indicates that the minimal distance between two 
wrinkles is approximately equal to twice the thickness of the material. This assumption results 
in a theoretical maximum number of wrinkles of 318 for the samples used in this investigation. 
The experiments result in a maximum number of wrinkles of approximately 350. A model 
including an asymptotic behavior for the influence of the blankholder force should therefore be 
used in order to better capture the underlying mechanical behavior. Figure 32 also displays the 
effect of die temperature. A high temperature leads to a high number of wrinkles, because the 
softening effect of the temperature (section 2.2.9.3, p. 26) facilitates the formation of wrinkles.  
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Figure 33: Maximum number of wrinkles over blankholder force and punch velocity for + = 80°, $ =6%, + = 80°  
Figure 33 shows the relationship between punch velocity and the number of wrinkles. 
Additionally, the impact of the interaction term of blankholder force and punch velocity can be 
studied in Figure 33. Generally, a high punch velocity leads to a low number of wrinkles. Due to 
the interaction term, the punch velocity has almost no effect at low blankholder force and a 
larger negative effect at high blankholder force. The significant positive effect of the punch 
temperature can have two possible reasons. Firstly, the blankholder is positioned around the 
punch between experiments and during the heating of the tools. Consequently, heat transfer 
does occur, and a high temperature of the punch will result in higher temperature of the 
blankholder. Secondly, the results could be contradicting the findings in (Hauptmann, 2010) 
that the formation of wrinkles occurs under the blankholder. The interaction term of punch 
velocity and punch temperature supports this thesis. At low punch velocity, the influence of the 
temperature of the punch is stronger, because a longer period of contact between the punch 
and the paperboard increase enables more heat transfer.  
Low velocity and high temperature have the same effect and are both a way to increase the 
amount of thermal energy that is transferred to the material during the process. Consequently, 
one can assume that the transfer more thermal energy from die or through a longer period of 
contact between the material and the die should improve the formation of wrinkles.  
Due to the interaction term of blankholder force and die temperature, the die temperature has 
more influence on the formation of wrinkles when high blankholder force is applied. This effect 
might occur because the heat transfer is improved with high blankholder force. 
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Table 13: Parameter combinations, number of wrinkles and thermal energy + in °C + in °C - in %% F0
 Number of 
wrinkles 
Standard 
deviation 
Energy in J 
80 80 10 295 5.71 1644,92 
80 80 300 263.8 10.35 848,00 
160 80 300 284.6 15.60 1930,04 
160 160 300 287.8 19.02 2136,72 
80 160 10 293.2 14.96 2975,04 
160 160 10 341.8 6.22 4440,40 
120 80 155 285.2 11.48 1494,56 
120 160 155 262.33 28.29 1810,00 
3.2.3.3 Relationship between wrinkling and transferred heat energy 
The assumption of the influence of thermal energy on the formation of wrinkles is tested using 
the simplified model that is presented in section 3.2.3.2 (p. 66). 35 experiments with the eight 
parameter combination in Table 13 are used. Five tests are performed for seven combinations, 
due to the occurrence of ruptures, only three tests are used for the combination with a high 
temperature of the die, a low punch temperature and 300 mm s-1 punch velocity. A blankholder 
force of 3000 N reduced to 500 N is used for all experiments. A punch with  = 109.1 %% is 
utilized throughout all experiments. A bivariate fit of the number of wrinkles over the 
transferred thermal energy is presented in Figure 35. The test for normality of the residuals is 
shown in  
Figure 34. A Shapiro-Wilk-W test for the normality results in a W-value of 0.96 and a p-value of 
0.20. 
 
Figure 34: Normality of residuals for the energy dependency analysis of wrinkling. 
3. Experimental process analysis 
72 
As the null hypothesis is that the data follows a normal distribution and small p-values reject 
the null hypothesis, we don’t have evidence not to assume normality of the residuals. 
 
Figure 35: Relationship between transferred thermal energy and the number of wrinkles.  
The ~-value for the bivariate fit of number of wrinkles over thermal energy is 0.74. A lack of fit 
test results in a F-ratio of 3.25 and a p-value of 0.0155. These results indicate a significant lack 
of fit, due to the large scatter in the measurement of the number of wrinkles. An analysis of 
variance result in an F-ratio of 92.7 and a p-value smaller than 0.0001, indicating that there is a 
significant effect in the model. The p-values for the intercept and the regressor are both below 
0.0001. The parameters of the linear fit _(` = 7
( X 7 are 7
 = 0.0199 and 7 = 247.87. 
Even though, the statistical analysis of the relationship between transferred thermal energy 
and the number of wrinkles shows that a substantial lack of fit exists in the model, the analysis 
of variance, the test for normality of the residuals and the tests of the individual predictor have 
positive results. When the number of assumptions and simplifications in FEM model, described 
in section 0 (p. 58), are taken into account, one might state that a clear trend can be perceived 
in the results.  
Figure 36 shows a plot of the correlation between the number of wrinkles and the shape 
accuracy. The results of the shape accuracy analysis for 42 tests with a blankholder force of 
1000 N (linearly reduced to 500 N) are plotted over the number of wrinkles. The blankholder 
force is the most important parameter for the number of wrinkles, but only marginally 
important for the shape accuracy. The relationship shown in Figure 36 is shifted towards higher 
number of wrinkles with a higher blankholder force. The coefficient of correlation for the data 
in Figure 36 is 0.90 with a p-value of 2.22*10-16. The data is furthermore symbol-coded with the 
punch velocity of the experiments. Reducing the punch velocity generally improves the quality 
regarding wrinkling and the shape accuracy. 
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Figure 36: Correlation of shape accuracy and number of wrinkles.  
3.3 Rupture in deep drawing 
3.3.1 Method 
Several parameters are investigated using a range of values to study the occurrence of rupture in 
the deep-drawing process of paperboard. The most prominent process parameters are the 
blankholder force, the punch temperature, and the die temperature. A range of punch velocity is 
also evaluated. The radius of the punch, die surface, and punch diameter are parameters of the 
processing tools. All material parameters are kept constant, except for the moisture content. All 
experiments are performed at 23 ± 1.5°C and a relative humidity of 50 ± 3%.  
Table 14: Parameters used for the investigation of occurrence of rupture 
Parameter Type Levels/Limits + in °C Continuous 
numeric 
80 200  +  in °C 80 200  	 in N 500 10000  
MC in % 6 11.3  - in mm s-1 5 300  * in mm Discrete 
numeric 
0.2 0.5 5  in mm 109.1 109.2  
Die surface categorical Polished steel PTFE-coated  
Six percent moisture content results from storing in a temperature of 23 °C and a relative humidity 
(RH) of 50%, and 11.3% moisture content results from storing at 40°C and 85% RH. The moisture 
content of the samples is measured according to the (DIN EN ISO 287:2009-09, 2009) testing 
standard. All of the experiments are performed using materials from a single batch. A linear 
reduction in the blankholder force during the infeed of the material in the gap between the punch 
and the die is utilized throughout the experiments. The denoted blankholder force is the initial 
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force applied when the punch touches the material. As the punch draws the material into the die, 
the blankholder force is reduced linearly to 500 N until the blank is drawn completely into the die 
(Hauptmann et al., 2016). 
Table 14 lists only the boundaries for the variation of the continuous numeric parameters. Several 
additional levels are included in the experiments. For example, experiments are conducted with a 
punch velocity of 5, 10, 20, 50, and 300 mm s-1. All levels for the discrete numeric and categorical 
parameters are listed in Table 14.  
Table 15: Modes of rupture. 
Rupture mode Rupture Description 
A Rupture occurs at the radius of the 
punch 
The initial blankholder force was too high. 
The drawing clearance was too small. 
B Rupture at the edge of the cup A reduction of blankholder force not 
sufficient.  
The local pressure at the edge of the flange 
was too high. 
C Rupture during the in-feed process The friction coefficient between the punch 
and the paperboard was lower than the 
friction coefficient between the die and the 
paperboard.  
D Material destruction at the edge of 
the flange 
The conical angle of the punch was too small.  
Compression of the paperboard in the 
drawing gap exceeded the material’s strength. 
Numerical values must be associated with the levels of the categorical parameter for the calculation 
of the probability of rupture. The steel-coated die is denoted by 1, and the PTFE-coated die is 
denoted by -1. Rupture in the deep-drawing of paperboard is not attributed to a singular reason, 
several sources for defects can be found.  
Table 15 lists the most important modes of rupture and the associated explanation. 
Examples of the different modes of rupture are shown in Figure 37. Ruptures in Figure 37 A), B) 
and D) are provoked with a toolset with a diameter of the die of 110 mm, whereas Figure 37 C) 
originates from a toolset with a diameter of the die of 80 mm. Rupture mode A demonstrates that 
the material has not been drawn into the die (Figure 37 A). The excessive blankholder force leads 
to a rupture at the edge of the punch. This is the most common form of rupture in the process. 
Rupture mode B is initiated with the blankholder force kept constant for the whole process at 	  =  13500 J (Figure 37 B). The friction force due to a very high blankholder force on a small 
area of the blank leads to ruptures at the edge of the cup. Rupture mode C is similar to that of 
rupture mode A (Figure 37 C). Preliminary experiments demonstrate that the coating of the surface 
of the die can lower the risks of rupture when the friction coefficient between the paperboard and 
the die decreases. Lowering the coefficient between the punch and the paperboard appeared to be 
disadvantageous. 
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Figure 37: Examples for A) rupture mode A, B) rupture model B, B) rupture model C, and B) rupture model 
D  
When the gap between the punch and the die is too narrow, a similar form of rupture during the 
infeed process originates. Rupture mode D utilizes a punch with   =  109.3 %%, a conical angle 
of 0.3°, and 	  =  500 J (Figure 37 D). Only few wrinkles are formed, because of the low 
blankholder force. The narrow gap between punch and die leads to high compressions in the 
wrinkled areas. The result is material destruction around the wrinkles. 
Material failure is not a continuously defined output variable. The rupture is examined 
according to two conditions: the deep-drawn cup is intact, or the deep-drawn cup is damaged. 
Logistic regression can be used for analysis  of with a binary outcome (Backhaus et al., 2011). 
The theory and application of the logistic regression is described by (Hosmer et al., 2013). 
When multiple categories occur, e.g. in different modes of rupture, a multinomial logistic 
regression can be employed. The logistic regression estimates the relationship between the 
probability for occurrence of a categorical output variable and one or more independent 
variables. Consequently, a function z defines the condition of the output variable y, as follow: 
A) B)
C) D) 
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  =  1  t  00,  ,ℎe*Fe (3.5) 
The core of the logistic regression is the definition of the parameter bj for the independent 
variable xj of a function z, where u is the error distributed by the standard logistic distribution 
(Eq. (3.6)). 
 t = T X  ( X z
  (3.6) 
The logistic function ;_t` in Eq. (3.7) can be utilized to link the function z in Eq. (3.6) and the 
output variable. 
 ;_t` = e1 X e = 11 X e0 (3.7) 
Figure 38 shows the logistic function π over the variable x for different values of b0 and b1. The 
function returns values between 0 and 1, and forms a transition zone between them, 
depending on parameter b1.  
 
Figure 38: Logistic function with different parameters, b0 and b1 (Wallmeier et al., 2016a). 
The following equations are limited to one independent variable, to minimize the complexity. 
The odds of the occurrence of a condition can be interpreted by the fitted values. The odds of a 
specific state are defined as the ratio of the probability to its complement (Eq. (3.8)). 
 F = ;_t`1 − ;_t` = ei  (3.8) 
The odds ratio is defined as the ratio of the odds of two adjacent levels of a parameter, e.g. the 
odds of rupture at 	 = 5001 J divided by the odds of rupture at 	 = 5000 J (Eq. (3.9)). 
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 F *, = F_( X 1`F_(` = e  (3.9) 
Consequently, the odds ratio increases in probability for conditions 1 or 0 by one unit change 
(e.g., the increase in probability of rupture when the blankholder force increases by 1 N). 
Therefore, the odds ratio depended on the range and the chosen unit, making it difficult to 
interpret. The odds ratio of a unit change c (e.g. 1000 N) can be determined using Eq. (3.10): 
 F *,_` = e#  (3.10) 
Consequently, increasing the parameter of influence with the hypothetical regression estimate 
of b1 = 0.05 by 10 leads to a 1.65 times higher probability for the occurrence of condition 0 or 1 
(e.g., F *,_10` = e
T∗T.T = 1.65). 
The Wald-test was utilized for the statistical analysis of the predictor variables. The Wald 
statistic is defined as the squared estimate divided by the squared standard error (Hosmer et 
al., 2013) (Eq. (3.11)).  
 > =   (3.11) 
Consequently, a high χ  value is a good indication that the null hypothesis can be rejected. The 
P-value, from the calculated χvalue, assumes that the corresponding parameter has no 
influence on the outcome of the experiments. Significance is accepted at the P < 0.05 
significance level. 
The statistical analysis and the reporting of the results are executed following the 
recommendations from (Peng et al., 2002). The evaluation of the logistic regression model is 
conducted in three steps. First, a whole model test and a lack-of-fit test are conducted to check 
the validity of the overall model. Then, the individual predictors are tested with a Wald-test, 
utilizing the χ statistic. Finally, the predicted probabilities are validated using a random range 
of testing points. A table with the predicted probabilities and the observed ruptures is 
presented in Appendix 7. The statistical analysis is conducted using SAS Institute Inc. JMP® Pro 
12.1.1. 
3.3.2 Results 
Experiments are performed with the parameters and levels from Table 14, resulting in 359 testing 
points. All experimental points are repeated, at minimum, three times. 218 ruptures occurred in the 
tests, and 141 samples are undamaged. The results of the logistic regression model are presented in 
Table 16.  
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The experiments are performed using a range of the punch diameters from  = 108.5 %% to  = 109.3 mm. Figure 39 shows the geometrical conditions when the punch diameter is varied. 
The tensile load in Figure 39 a) is applied to the same section of paperboard near the radius of the 
punch for the entire process. In this case, the material’s tensile strength limits the maximal initial 
blankholder force. Figure 39 b) represents the geometrical conditions when a punch with d =109.3 mm is used and consequently, the material is compressed between the punch and the die. 
The state of stress changed with additional stress in the through-thickness direction, which seems 
to increase the maximum initial blankholder force. Furthermore, shear loading appears when the 
material is compressed between the punch and the die. The number of wrinkles is reduced when a 
low initial blankholder force is applied (section 3.2.3.1, p. 65). Therefore, more material is 
compressed into one wrinkle, which locally increases the thickness of the material. When the gap 
between the punch and the die is minimal, local compression results in material destruction and 
rupture, similar to that of the rupture mode D. Therefore, two different types of ruptures occur at  = 109.3 %%, depending on the drawing gap between the punch and the die. Figure 39 c) 
illustrates the behavior that can be assumed but is not predicted by the model. The whole model 
test compares the whole model to a hypothetical model that omits all regressor effects except 
the intercept parameter. It results in a >-value of 316.5 at a degree of freedom of 12 
(reduction of 12 parameter regressors). The p-value is the probability of obtaining a greater >-
value by chance alone if the specified model does not fit better than the model including only 
the intercept. 
 
Figure 39: Schematic of a) the geometry and position of the highest load for  = 108.5 %%, b) the 
geometry and position of the highest load for  = 109.3 %%, and c) the behavior at  = 109.3 %%. 
The p-value is smaller than 0.0001, indicating that the model provides a better fit than an 
intercept-only model (SAS Institute Inc., 2015). The ~-value for the model is 0.79. The lack-of-
fit test provides information whether the current model could benefit from additional more 
complex terms. It does this by comparing the pure error to the fitting error. 
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Table 16: Parameter estimates, standard errors, >-values und p-values for the logistic regression model. 
Term Parameter 
estimate 
Standard error χ-value p-value 
Intercept 1870.3 884.8 4.47 0.0345 	  0.00128 0.000191 45.12 <.0001 +  0.00857 0.00513 2.80 0.0944 
Die surface (Steel) -1.7536 0.331 28.00 <.0001 -  -0.0572 0.0161 12.65 0.0004   -17.221 8.106 4.51 0.0336 +  0.0158 0.00713 4.91 0.0267 	   9.0156e-8 3.99e-8 5.08 0.0242 +  0.5329 0.144 13.53 0.0002 	+   1.218e-5 3.417e-6 12.71 0.0004 ++  -0.000503 9.601e-5 27.42 <.0001 +  0.000924 0.000214 18.65 <.0001 	-  2.0104e-7 6.544e-8 9.44 0.0021 
The lack-of-fit test results in > = 80.65 and a non-significant value of } = 0.55. This supports 
the conclusion that the model cannot be improved with additional higher order polynomial 
terms or interaction terms.  
Table 17: Confusion matrix for the logistic regression model. 
Actual Predicted 
Rupture 1 0 
1 205 13 
0 22 119 
Table 17 display the confusion matrix for the logistic regression model. 205 ruptures are 
correctly predicted; 13 ruptures are predicted as undamaged by the model. 119 undamaged 
samples are correctly predicted, 22 undamaged samples predicted as ruptured. Consequently, 
the model provides good predictions for the occurrence of ruptures.  
The >-value for the individual predictors for the parameters and interaction terms are shown 
in Figure 40. The blankholder force and die surface have the highest significance of the main 
effects. Additionally, the punch velocity is significant at the . = 0.05 confidence level. The 
main effects of die temperature, punch temperature and diameter of the punch are 
insignificant, but remain in the model, because interaction terms of those parameters are 
highly significant. Only rupture mode A (ruptures during the infeed section of the process) is 
covered in the parameter study. The blankholder force is the most important factor to prevent 
or provoke ruptures. For every combination of the other parameters, the occurrence of rupture 
can always be triggered by applying excessive blankholder force. At low blankholder force, the 
probability for rupture is generally low, followed by a transition to higher probability for 
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rupture at high blankholder force. The combination of the other parameters defines the 
sharpness of the transition zone and the amount of applicable blankholder force. 
 
Figure 40: >-values for the logistic regression. 
The second most influential parameter is the surface of the die (Figure 40, Figure 41). Two 
different dies are tested, one with a PTFE coating and one with a polished steel surface.  
 
Figure 41: Probability for rupture over blankholder force and die surface for + = 140°, + = 80°, - = 200 %% F0
 and  = 109.1 %%. 
The die with the polished steel surface shows significantly lower probability for rupture for all 
combinations of parameters. Significant interactions, for example with the tool temperatures 
are not found. The superior performance of the polished steel die can presumably be attributed 
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to a lower coefficient of friction over the whole temperature range between the polished steel 
surface and paperboard.  
Reduction of the coefficient of friction between the punch and the paperboard has shown to be 
counterproductive in earlier investigations, because a low coefficient of friction between the 
punch and the material leads to stress concentrations in the area of the punch radius. The 
stress concentrations then induce ruptures. The interaction term of the two tool temperatures 
is highly significant (Figure 40). Surprisingly, the temperatures show oppositional influence on 
the probability for rupture. The probability for rupture is generally lower for a high temperature 
of the punch (Figure 42). On the other hand, a high temperature of the die leads to a high 
probability for rupture. Two different effects seem to be present. When the paperboard is 
placed in the forming device, it lays on the heated die for approximately 2 s prior to the start of 
the process. During this time, the die heats the paperboard and reduces therefore the stiffness 
and strength of the material (section 2.2.9.3, p. 26). A higher temperature leads to a reduction 
in material strength and consequently a higher probability for rupture. Furthermore, the 
coefficient of friction is reduced by the higher temperature and consequently, the stresses on 
the material are reduced. In case of the punch, the thermal expansion could be responsible for 
the behavior. A higher punch temperature leads to more compression of the paperboard 
between punch and die. The gap between the tools is in the range of the thickness of the 
material, accordingly small changes in the drawing gap can change the state of stress in the 
material significantly. Even though the coefficient of friction between the die and the 
paperboard should be reduced with increasing tool temperatures (section 2.2.7, p. 21), this 
 
Figure 42: Probability for rupture over die temperature and punch temperature for - = 160 %% F0
,  = 109.1 %%, surface steel, 	 = 7600 J. 
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effect which is reducing the stresses on the material does not seem to have a significant 
influence.  
 
Figure 43: Probability for rupture over punch diameter and punch temperature for - = 130 %% F0
, + = 130°, surface steel, 	 = 8160 J. 
Even though the coefficient of friction between the die and the paperboard should be reduced 
with increasing tool temperatures (section 2.2.7, p. 21), this effect which is reducing the 
stresses on the material does not seem to have a significant influence 
 
Figure 44: Probability for rupture over die temperature and blankholder force for - = 130 %% F0
,  = 109.1 %%, surface steel, + = 150°. 
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. Figure 43 displays the probability for rupture over the punch temperature and the punch 
diameter. It shows that the probability for rupture is comparably high for a larger drawing gap 
and a low temperature.A higher temperature reduces the drawing gap and improves the 
reliability of the process. The probability for rupture is generally lower for the 109.2 mm punch. 
A high punch temperature leads to a slight decrease in reliability. An interaction between die 
temperature and the punch diameter is not found Figure 40.A quadratic influence of the die 
temperature is found (Figure 40, Figure 42). This is recognizable in Figure 42 where the 
probability for rupture is slightly higher at the lowest temperature of 80°C than in the range of 
100°C to 120°C. This effect occurs because the softening of the material with higher 
temperature facilitates the formation of wrinkles and therefore improves the formability. 
Additionally, the coefficient of friction is reduced at higher temperature (section 2.2.7, p. 21). 
At a high temperature of the die, the softening effect of the temperature becomes dominant 
and increases the probability for rupture (Figure 42). In summary, the best results with regard 
to the occurrence of ruptures for the specific toolsets in the parametric study can be achieved 
with a high temperature of the punch and a temperature of the die between 100°C and 140°C.  
 
Figure 45: Probability for rupture over punch velocity and blankholder force for + = 150°, Die 
surface Steel, + = 150°,  = 109.1 %%. 
The velocity of the punch has a significant influence on the probability for rupture and 
additionally, there is a significant interaction term of the blankholder force and the quadratic 
punch velocity (Figure 45). A higher punch velocity generally reduces the probability for rupture 
and leads to a sharper transition between low probability for rupture at low blankholder force 
and probability for rupture. The stiffening of the material at a high load rate is responsible for 
this behavior (section 2.2.2, p. 16). The quadratic influence is clearly visible in Figure 45. 
Between 50 mm s-1 and 150 mm s-1, the transition to high probability for rupture is shifted 
towards a higher blankholder force. 
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4 Simulative process analysis 
4.1 Explicit FEM analysis 
4.1.1 Modeling 
4.1.1.1 FEM-model 
The finite element method is by now widely used for the simulation of many complex forming 
processes with sheet metal. Years of development have enabled engineers to use this method 
during the construction of tools for forming processes. Specialized add-ons for commercially 
available simulation software facilitate the modeling process. Recommendations for settings of 
various variables, like contact stiffness or meshing, can be found to achieve good results and 
numerical stability. Stresses, strains, spring back and the occurrence of ruptures and wrinkles 
can be simulated and used during the design phase for the formed part and the tools. 
The development of the simulation of forming of paper and paperboard is nowhere near as far. 
Although simulations of creasing, folding and hydroforming have been performed (section 2.4, 
p. 42), material models for paper and paperboard are usually not yet implemented in 
commercially available simulation software and for example the simulation combined 
temperature and moisture effects has been hardly studied at all. Furthermore, 
recommendations for variables have not been established yet and the values determined for 
sheet metal forming might only be partially valid for paperboard. For example, the value for the 
contact stiffness can vary significantly from paperboard to sheet metal, due to the far lower 
stiffness of the material itself. Consequently, the methods that have been developed for sheet 
metal have to be tested to investigate the transferability to paperboard forming. Furthermore, 
recommendations for various variables have to be established and finally, the methods have to 
be adapted to suit the demands of the deep drawing process with paperboard. Since the 
limitations of the well-established methods are currently unknown, the aim of this work is to 
test the applicability of FEM-simulations for the forming of paperboard in the deep drawing 
process and to determine the need and potential for further development.  
ANSYS LS-DYNA is a commercially available FEM-program which is widely used for the 
simulations of sheet metal forming. Even though it does contain an implicit solver, it is mostly 
used for explicit simulations and known to deliver good performance and precise results for 
non-linear problems. Implicit solvers are oftentimes used for static analysis but are also capable 
to simulate dynamic processes. The advantage of the implicit method is the unconditional 
stability and the ability to perform large time steps. In highly dynamic processes on the other 
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hand, small time steps are required to capture occurring effects and the ability to perform large 
time steps is unnecessary. An implicit analysis requires to invert the stiffness matrix, in some 
cases several times per time step. This is a computationally expensive operation, especially for 
large systems. This operation is not required in explicit analysis; consequently, explicit solvers 
are in many cases faster for large systems. The explicit method is generally unstable, but 
superior in handling of non-linear material behavior.  
A high number of elements is computationally expensive because the time step is depending on 
the size of the elements and the computation time for each time step increases with the 
number of elements. Since ruptures do not occur in the bottom of the formed part and the 
state of stress is more interesting in the wall and flange area of the cup, a section of the bottom 
is cut out to reduce the number of elements in the simulation. A comparison of simulations 
with and without the cutout section resulted in very similar punch forces. The nodes in the 
blank that have a distance of 1/2 dB1 from the axis of rotation are constrained in x- and y-
direction. The parameters and the values that have been utilized for the following simulations 
and all experiments are listed in Table 4. Blankholder force, temperature of the die, 
temperature of the punch and moisture content of the material are the most prominent 
parameters of the process. High values of blankholder force are favorable, because this leads to 
the formation of a large number of wrinkles, which results in a good optical quality (Hauptmann 
and Majschak, 2011). 
 
Figure 46: Meshing of punch (red), blankholder (green), die (blue) and blank (yellow) (Wallmeier et al., 
2015). 
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Paper and paperboard show three principal directions which are dependent on how the 
paperboard was manufactured (section 2.2.2, p. 16). The assumption of orthotropic behavior of 
paperboard is widely utilized and accepted (section 2.3.2, p. 34) as this assumption reduces the 
computational effort and provides sufficient accuracy. The three orthogonal planes of 
symmetry allow the model of the blank to be cropped into a quarter with the introduction of 
symmetry conditions on the edges of the quarter of the blank. This assumption can be verified 
by observations of the displacements of points on the axes of symmetry during the process. 
Rigid shell-elements are utilized to model the tools: die, punch and blankholder. A mapped, 
two-dimensional mesh with quadrilateral elements is utilized to mesh the tools. The mesh is 
refined around the radii of the punch and die. Eight-node hexahedral solid elements are utilized 
for the modeling of the blank. The blank is modeled with 150 elements in around the radius, 
and 5 elements are utilized in the z-direction (Figure 46). 
Fifty elements are used to discretize the radial direction. The mesh is refined in the areas that 
are in contact with the radius of the punch and coarse in the area of bi-axial tension at the 
bottom of the cup to reduce the number of elements. The meshing is shown in Figure 46. A 
high number of nodes in the z-direction is necessary to obtain the exact state of stress in the 
thickness direction. A correct estimation of the non-linear stress distribution in thickness 
direction is essential for the evaluation of spring back (Schwarze et al., 2011). Therefore, a high 
number of integration points in thickness direction is chosen. (Li et al., 2002; Wagoner and Li, 
2007) recommend using more than 20 integration points (in shell elements) to achieve an 
accuracy within 1% of the measured result. Other sources recommend substantially lower 
numbers of integration points (Wagoner and Li, 2007) in the range of 7 to 11 integration points. 
Due to the high computational effort, 5 elements with one integration point are chosen for this 
first approach. Additionally, the ratio between the length of the edges of elements should be 
close to 1 to achieve good computational stability.  
Zero energy modes or hourglassing modes appear in one-point integration elements (Hallquist, 
2006). LS-DYNA provides several formulations that add viscous damping or stiffness to suppress 
hourglassing modes. The LS-DYNA standard viscous stiffness form with an hourglassing 
coefficient of 0.15 is utilized to control hourglassing in the blank. Deep-drawing with a velocity 
of the punch of 20 mm s-1 is not a highly dynamic process. Therefore, global damping can be 
utilized to eliminate unrealistic oscillations. In an undamped state, the blankholder shows an 
oscillation with a frequency (	) of 88.8 s-1. A damping constant ( = 4;	) of 1115.9 s-1 is 
introduced for the blankholder. Contacts between blank-die, blank-punch and blank-
blankholder are modeled as surface-to-surface, paper-steel contact. Heating of the paperboard 
from the tools plays an important role in deep-drawing of paperboard. Consequently, the 
contact includes thermal interaction between the tools and the paperboard through 
conduction and radiation. In the explicit solving process, implicit temperature steps are 
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included to update the material temperature, because the material and friction properties 
change with temperature.  
Table 18: Parameters for modeling paper-steel friction 
Parameter Value Source/Method 
Exponential decay coefficient 1.0 Arbitrary 
Coefficient for viscous friction 0 Not considered 
The thermal contact parameters utilized during simulation are listed in Table 9. The specific 
heat capacity and thermal conductivity are modeled by relationship shown in Figure 47 on the 
left side. The measurement of thermal conductivity was performed utilizing laser flash analysis 
(LFA, (DIN EN 821-2:1997-08, 1997)) with the LFA 447 equipment produced by Netzsch 
Gerätebau GmbH Selb. The values for specific heat capacity shown in Figure 47 result from tests 
utilizing differential scanning calorimetry (DSC, (DIN 51007:1994-06, 1994)and (DIN EN 821-
3:2005-04, n.d.)) on the DSC 7 equipment produced by Perkin Elmer, during which the 
specimen is heated a second time.  
During the first heating, the specific heat capacity was found to reach 4000 J kg-1 K-1 at 90°C 
while having the same specific heat capacity as value shown in Figure 47 at 0 and 150°C.  
  
Figure 47: Left: Specific heat capacity and thermal conductivity of the material. Right: coefficient of 
friction depending on the surface temperature.  
The results for the second heating are utilized, because they were repeatable beyond the 
second heating. Table 18 displays the frictional input parameters, and Figure 47 displays on the 
right side how the dynamic and static friction coefficients are dependent on temperature.  
Static and dynamic coefficients of friction are assumed to be equal. Because of this assumption, 
the exponential decay coefficient has no impact on the simulation and can therefore be 
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arbitrarily chosen. The results in Figure 47 on the right were obtained through experimental 
testing utilizing a CETR Tribometer equipped with a heating chamber. Due to drying of the 
material in the heat chamber, some differences may be present between the testing results 
and the conditions on the heated tool surfaces in the deep-drawing process. A pre-analysis is 
utilized to implement and relax the force from the blankholder and to let the temperature from 
the tooling to begin penetrating the blank. In the deep-drawing process, the blank typically sits 
on the heated die for approximately two seconds before the punch comes in contact with the 
blank. Therefore, the pre-analysis takes this additional heating time into account. 
4.1.1.2 Material model 
Specialized material models for paper and paperboard are usually not implemented in 
commercially available FEM programs. Different aspects of the mechanical and thermal 
behavior of paperboard can be simulated using the implemented models, but all have certain 
shortcomings and disadvantages for the simulation of the deep drawing process. For example, 
the orthotropic elastic-plastic model *MAT_108 is implemented only for shell elements. 
Temperature effects cannot be considered in the paper model *MAT_274. A comparison of 
different models is given in (Baum, 2014). Consequently, an orthotropic elastic-plastic user 
defined material model was developed at KTH Stockholm and adapted to the requirements of 
the deep drawing process.  
The deep-drawing process requires a material model which can describe the mechanical 
response of paperboard with regards to anisotropy, differences between tension and 
compression, and temperature. The exact representation of the anisotropy is highly important, 
because it influences the shape accuracy, formation of wrinkles and the ovality of the formed 
cup (Wallmeier et al., 2016c). The effects of moisture will be ignored, because the change of 
moisture content during the process was not considered. All samples for the experimental 
results in this investigation are pre-conditioned in 50% relative humidity and 23°C. Major and 
relevant global differences in the moisture content should accordingly not be present. The 
same assumption was made by (Linvill and Östlund, 2014) for a process with a similar time-
scale. Additionally, the strain rate is assumed to affect the mechanical response of paper only 
marginally (Haslach, 2000) and therefore the effects of strain rate will also not be considered. 
The elastic modeling follows the generally known principles described in section 2.3.1.2 (p. 29). 
The plasticity model describes the differences in material behavior in different directions and 
significantly reduces the required number of material constants as compared to (Xia et al., 
2002). Due to the difficulties in measuring the yield strength under multiaxial loads, a simple 
and straightforward parameterization was one of the main goals during the development of the 
model. A major simplification is the assumption of purely elastic material behavior in ZD, thus 
limiting the yielding to a planar process. Although the compressive mechanical response in ZD 
tends to be highly non-linear as illustrated by (Nygårds, 2008), the stiffness in ZD is much less 
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than the in-plane stiffness. Consequently, the effect of the non-linearity is non-significant for 
this application. Furthermore, the gap between punch and die is chosen only slightly smaller 
than the material thickness. The compression should therefore not reach the highly non-linear 
parts of the compressive behavior in ZD.  
Additionally, this material model does not take the micrometer-scale wrinkling deformation 
into consideration that occurs during deep-drawing of paperboard as presented by 
(Hauptmann, 2010). A continuum-level approach to modeling this wrinkling would need to 
consider more closely the correlation between ZD loading, in-plane (MD–CD) material 
response, and wrinkle formation.  
A maximum stress yield surface will be assumed in the principal directions (MD and CD) with 
different values for compressive and tensile loading. This can be represented by a yield surface 
in MD and CD stress space as shown in Figure 48 on the left side. However, in-plane shear 
stress is known to reduce the size of the failure surface (Suhling et al., 1985), so Figure 48 (left) 
must be developed such that it reduces with increasing shear stress. Therefore, the equations 
for the four surfaces of the yield surface in Figure 48 (left) can be given as: 
 
 =
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⎜⎜⎜
⎜⎜⎛
d
 = <<, X == <  0d = <<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=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  0da = <<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 <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 (4.1) 
where d
0 are constants representing the amount of yielding that has occurred in each 
direction, < and < are respectively the normal stress states in MD and CD, <, and<,  
are respectively the tensile yield stresses in MD and CD, <,# and <,#are respectively the 
compressive yield stresses in MD and CD, = is the in-plane (MD–CD) shear stress state, and =  is 
the yield shear stress. The ratio of = and =  is squared, because this was the relationship 
discovered for the failure surface description given by (Suhling et al., 1985). Prior to plastic 
deformation, d
0 have a value of unity. The values of d
0 increase with plastic deformation; 
thus, the four yield surfaces in (4.1) are allowed to grow independently. An illustration of the 
yield surface in MD normal stress, CD normal stress, and MD–CD shear stress space is provided 
in Figure 48 on the right side. 
When loading is in a certain quadrant of Figure 48 (left), only the yield surfaces which exist in 
that quadrant are assumed to expand (i.e. anisotropic hardening is assumed). This type of 
hardening will henceforth be referred to as quadrant hardening. 
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Figure 48: Left: Yield surface in MD and CD normal stress space. Right: Yield surface in MD normal stress, 
CD normal stress, and MD–CD shear stress space. 
For example, loading in the first quadrant (positive stress in MD and CD) will only cause an 
increase in d
 and d. The derivation of the flow law is presented for the first quadrant, and the 
flow law for the other quadrants can be derived in a similar manner. The flow rule is given by: 
 4
 = 8
 ¡¡< = 8
<,  (4.2) 
 4 = 8
 ¡¡< = 8<, (4.3) 
 4 = 8 ¡¡= = 2=8=  (4.4) 
where 4
,,  are plastic strain increments, 8
,, are strain rate multipliers, and  is the 
parametric function described in (4.1). Assuming linear, quadrant hardening, the hardening 
laws can be written in differential form as: 
 < = !,4
 (4.5) 
 < = !,4 (4.6) 
 = = !4 (4.7) 
where !,, !, and ! are respectively the tensile hardening slopes in MD and CD and 
the shear hardening slope. The plastic strain will be assumed to be decomposable into elastic 
and plastic parts, i.e.: 
 4 = 456 X 46 (4.8) 
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where 4 is the total strain, 456  is the elastic strain, and 46  is the plastic strain. The 
assumption of small-strain (i.e. additive) deformation in (4.8) is valid for traditional paper 
materials, which typically have a strain-at-break of significantly less than 10%. Additionally, 
most commercial finite element programs provide some form of objective stress rate which 
accounts for large rotations. For example, LS-DYNA, which is the finite element program in 
which this model has been implemented, provides the Jaumann rate of Cauchy stress (an 
objective stress rate) for the user-defined material model routine. 
The assumption of small-strain deformation in (4.8) allows Hooke’s law to be written as: 
 < = 

4
 − 4
 X 
_4 − 4` (4.9) 
 < = 4 − 4 X 
_4
 − 4
` (4.10) 
 = = _4 − 4` (4.11) 
where  is the elastic stiffness tensor. Substituting (4.2) and (4.5) into (4.9), (4.3) and (4.6) into 
(4.10), and (4.4) and (4.7) into (4.11) gives: 
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which can be solved for the strain rate multipliers: 
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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where these strain rate multipliers can be utilized to find the plastic strain increment utilizing 
(4.2), (4.3), and (4.4). The plastic strain increments can then be utilized to calculate the stress 
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increments in (4.9), (4.10) and (4.11). Finally, the expansion of the yield surface must be tracked 
through d
0. In differential form, (4.1) can be written: 
 d
 = <<, X 2===  (4.18) 
 d = <<, X 2===  (4.19) 
where the resultant d
 and d increments in each time step are respectively added to d
 and d, thus expanding the yield surface. 
As seen in Figure 48 (left), the proposed yield surface consists of sharp corners, which are 
generally avoided in material models due to stability reasons (i.e. the normal to the yield 
surface at the corner is non-unique, and the partial derivatives of the yield surface are non-
continuous, both of which can cause instability). However, in the proposed material model, the 
plastic flow is continuous. For plastic flow in the first quadrant in Figure 48 (left), regardless of 
where the stress increment crosses the yield surface, all three partial derivatives in (4.2)-(4.4) 
are utilized simultaneously. This simultaneous utilization of these three partial derivatives, in 
combination with the quadrant hardening rule which allows all four yield surfaces in (4.1) to 
move semi-independently, creates continuous partial derivatives of the yield surface. 
Therefore, the proposed material is stable and avoids the problems that typically arise due to 
the presence of corners in a yield surface. 
4.1.1.3 Modeling of temperature effects 
The effects of temperature on the elastic modulus of paper has been successfully modeled 
from the perspective of hydrogen bonding by (Nissan, 1957a, 1957b). Experimental studies by 
(Salmén and Back, 1978) and recently by (Linvill and Östlund, 2014) have shown that paper 
materials exhibit a softening behavior that is similar to that predicted by (Nissan, 1957b). 
According to (Nissan, 1957a, 1957b), the effect of temperature on the elastic modulus can be 
written: 
 _ln `+ = . (4.20)  is the E-modulus, + is the temperature and . is a constant. The tensile and compressive 
elastic moduli in the three material directions (MD, CD, and ZD) as well as all the shear moduli 
are assumed to be affected according to Eq. (4.20).  
Note that the results obtained by (Nissan, 1957a, 1957b) reveal that the MD and CD directions 
have a value of a which are approximately the same for the same type of paper. Additionally, 
the results obtained by (Yeh et al., 1991) can be post-processed to show that the MD normal, 
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CD normal, and MD–CD shear elastic moduli all have approximately the same value of α if the 
temperature in (4.20) is replaced with moisture content. 
Based on the results shown in (Linvill and Östlund, 2014), the yield stresses and tangent moduli 
are affected approximately linearly by temperature. Therefore, the effects of temperature on 
the yield stresses are given by: 
 <+ = 1 (4.21) < is the yield stress and 1 is a constant. All yield stresses in MD, CD, and in-plane (MD–CD) 
shear directions are assumed to be affected according to (4.21). Additionally, the effect of 
temperature on the tangent moduli is given by: 
 + = 3 (4.22) 
where Etan is the tangent modulus and 3 is a constant. All tangent moduli in MD, CD, and in-
plane (MD–CD) shear directions are assumed to be affected according to (4.22). Similarly with . 
in (4.20), the results obtained by (Yeh et al., 1991) can be post-processed to show that the MD 
and CD tangent moduli have approximately the same value of γ if the temperature in (4.22) is 
replaced with moisture content. However, the assumption is made that a similar result would 
be obtained for β and γ as was seen in the results by (Nissan, 1957a, 1957b). For (4.20)-(4.22), a 
constant and static moisture content is assumed. 
4.1.2 Calibration 
The material properties utilized for the simulations are presented in  
Table 19. The tensile, MD and CD parameters in  
Table 19 are obtained by curve-fitting to the results of tensile testing in MD and CD at standard 
conditions (23°C, 50% relative humidity, and specimens with 15 mm width and 100 mm length).  
Table 19: Parameter for the material model 
Parameter Value Unit  4000 MPa   2000 MPa   250 MPa :  0.45  :  0  :  0     1400 MPa    60 MPa   60 MPa 
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Parameter Value Unit <, 33 MPa <,#  25 MPa <, 18 MPa <,# 14 MPa =  10 MPa !, 1000 MPa !,# 51 MPa !, 285 MPa !,# 51 MPa . 0.01 MPa°C-1 1 0.1 MPa °C-1 3 0.047 MPa °C-1 
Other parameters for the material model are estimated based on material parameters found 
throughout literature. All shear moduli, the ZD elastic modulus, and the MD–CD Poisson’s ratio 
are chosen based on the parameters provided by (Huang and Nygårds, 2010).  
As was assumed by (Nygårds, 2008), the out-of-plane Poisson’s ratios are set to zero. The yield 
stress in shear is chosen based on the results by (Yeh et al., 1991). The compressive yield 
stresses and hardening parameters are chosen to be 75 percent of their respective tensile 
parameters, which is supported by the stress–strain curves presented by (Xia et al., 2002). The 
parameters α, β, and γ are chosen utilizing the results by (Salmén and Back, 1980) and (Linvill 
and Östlund, 2014). 
4.1.3 Validation 
The validation of the material model is executed in three different steps. While the parameters 
for the calibration of the model only come from material tests in MD and CD, additional results 
from simulations and experiments of uniaxial tension tests in 15°, 30°, 45°, 60°, and 75° 
directions (measured from the MD direction) are conducted and compared. The result of the 
calibration in MD and CD as well as the validation in the specified off-axis directions are shown 
in Figure 49 on the left. 
Comparing the dashed lines for the simulations to the continuous lines for the experiments in 
Figure 49 shows that the model captures well the material’s mechanical behavior for all 
directions of in-plane, uniaxial, tensile loads. One byproduct of the proposed quadrant 
hardening behavior is that, according to the proposed material model, pure uniaxial loading in 
the MD direction will not change the location of the yield surface in the CD direction (and vice 
versa). 
To test this hypothesis, cruciform specimens (as are typically utilized for biaxial testing) are 
produced and tested in uniaxial tension up to failure (one leg of the cruciform at a time). Note 
that all failures occurred in the thinner leg region, thus allowing the specimen to be tested after 
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failure in the perpendicular direction. The cruciform specimens were manufactured such that 
the gage zone occupied 15% of the length of the specimen in both MD and CD. According to an 
elastic finite element analysis of this process, the stresses within the gage zone reached a 
minimum of 83% of the stress in the thinner leg region. 
  
Figure 49:Left: In-plane, off- axis verification of the material model (Wallmeier et al., 2015). Right: 
Cruciform specimens, one leg at a time, tested to failure (Wallmeier et al., 2015). 
This result corresponds to an increase of the CD yield stress by at least 7 MPa in the gage zone 
for specimens tested first in CD; this result also corresponds to an increase of the MD yield 
stress by at least 17 MPa in the gage zone for specimens tested first in MD. Therefore, 
significant levels of hardening were induced in the gage zone prior to testing of the second leg. 
The results of the testing are provided in Figure 49 on the right side. Figure 49 shows no 
discernible difference between the mechanical response of the specimens that were strained 
either first or second in MD or CD. Therefore, an anisotropic hardening law seems to be 
appropriate at least for this type of paperboard.  
Multiaxial bending of the material around the radii of punch and die is prominent, especially in 
the first part of the deep-drawing process. Multiaxial bending tests are not usually performed 
for paper and paperboard, and no standardized test method exists for comparable multiaxial 
material tests. Nevertheless, uniaxial bending can give an indication of the performance of the 
model for the infeed part of the deep-drawing process. Three-point bending tests were 
performed with a Zwick-Roell uniaxial testing device. The width of the specimen was 30 mm, 
and the distance between the supporting pins was set to 60 mm, 80 mm and 100 mm. 
Experiments were performed with the bending line orthogonal to MD and CD. The radii of the 
supporting pins were 2 mm, and the radius of the loading pin was 5 mm. The loading pin was 
located directly above the material and then moved downwards at a rate of 20 mm/s for 0.5 s. 
4. Simulative process analysis 
96 
Results of the experimental and simulated results of the uniaxial bending tests are provided in 
Figure 50. The results in Figure 50 show a good correlation between the simulations and the 
experiments with the bending line orthogonal to CD. The simulated forces, especially with the 
bending line orthogonal to MD, are generally lower than the experimental forces. This may 
occur because the parameters for the calibration of the model are obtained with uniaxial 
tension tests, which produces a mean value for the mechanical properties over the entire 
thickness of the material. The paperboard used in this investigation is a three-layer material 
with stiffer outer layers and a bulky, more compliant middle layer. Therefore, the structure of 
this paperboard may lead to higher bending stiffness than is obtained by utilized the mean 
value over the thickness. 
 
Figure 50: Experimental and simulated results of three-point bending tests. Left side: bending line 
orthogonal to MD. Right side: bending line orthogonal to CD. 
Simulations with a three-layer material, such as was conducted by (Huang and Nygårds, 2010), 
may produce better results in bending, but this improvement in capturing the bending stiffness 
would come at the cost of dramatically increased computational effort. Since Figure 50 shows 
that the bending stiffness is sufficiently captured for the application of deep-drawing, a three-
layer model was not considered for the forming simulations. 
4.1.4 Results 
4.1.4.1 Punch force 
Table 20 shows the combinations of parameters for the experiments that are used to validate 
the simulations of the deep-drawing process. The experimental investigations of the deep-
drawing process in section 3 have shown that blankholder force and the tool die temperatures 
are the process parameters with the biggest influence on the forming process. The temperature 
of the die is more significant for the formation of wrinkles (section 3.2.3.1, p. 65) and the 
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occurrence of ruptures (section 3.3.2, p. 77), while both temperatures have influence on the 
shape accuracy (section 3.1.4.1, p. 51). Consequently, only the die temperature is varied in the 
simulations to reduce the number of computationally expensive simulations.  
Table 20: Parameters for the experimental and numerical investigation of the deep-drawing process 
	in N +  in °C + in °C ,	 in mm 
1000 120 80 0.44 
3000 120 80 0.44 
5000 120 80 0.44 
7000 120 80 0.44 
3000 80 80 0.44 
3000 150 80 0.44 
3000 200 80 0.44 
3000 120 80 0.38 
3000 120 80 0.40 
3000 120 80 0.54 
The temperature of the punch changes the diameter of the punch due to thermal expansion 
and therefore has an impact on the distance between punch and die, and the punch is in 
contact with the material after the initial forming of the process is finished. Additionally, the 
thickness of the material is varied to investigate the effects of changes in the ratio of thickness 
to drawing gap.  
  
Figure 51: Left: Experimental (exp) and simulated (sim) punch forces for different blankholder forces. 
Right: Experimental (exp) and simulated (sim) punch forces for different die temperatures.  
Figure 51 shows on the left side the experimental and simulated punch forces for different 
blankholder forces. Increasing blankholder force leads to a rise of the first peak in the punch 
force diagram due to the increasing friction. Between blankholder forces of 1000 N and 7000 N, 
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a punch force difference of 1400 N at about 3.5 mm of punch displacement is observed 
experimentally. Comparing the simulated and experimental results in Figure 51 indicates that 
the general behavior is described by the simulation. A peak is reached at about 3.5 mm of 
punch displacement and increasing blankholder force leads to a higher peak. The simulated 
difference of the first local maximum between blankholder force of 1000 N and 7000 N is 
approximately 1300 N, which corresponds well with the difference in the experiments. Results 
obtained by (Hauptmann, 2010) show that wrinkles start to appear when the blank is drawn 
5 mm into the die. Instability due to the compressive in-plane stresses occurs at this point and 
buckling leads to the formation of wrinkles in the experiments. The comparably large elements 
in the simulation are not able to reproduce the fine wrinkles and local deformations on a 
microscopic scale. Large strains under the compressive load result in numeric instability and 
finally lead to negative volumes and an error termination of the simulation. 
Despite the numerical instability, the results of the simulations of the infeed process can still 
provide insight in the mechanical behavior and influence of process and material parameters. 
Firstly, because the results show that the model can describe the material behavior in a 
complex forming process if the formation of wrinkles does not largely influence the process. 
Secondly, most experimental failures of paperboard blanks occur during the infeed part of the 
process when the material is drawn into the die (rupture mode A in section 3.3.1, p. 73). This 
model could therefore be used to investigate the material behavior during this crucial part of 
the process. Additionally, stiffness-based hourglass controls (as opposed to viscous hourglass 
controls) can be utilized to prevent instability up to a certain extent, but such stiff controls have 
been found to cause drastic overestimation of the punch force. Consequently, the influence of 
wrinkles on the development of the punch force cannot be observed during the simulation. 
Added stiffness by the hourglassing controls and the inability of the model to form wrinkles 
under compressive in-plane stress are the reasons for the constant overestimation of the punch 
force by the simulations. 
Figure 51 shows on the right side the experimental and simulated punch forces for different die 
temperatures. Even though the simulation once again overestimates the punch force, the 
physical influence of the temperature is predicted correctly by the model. Furthermore, the 
difference of the peaks in the punch forces between the lowest temperature and the highest 
temperature is captured well. The temperature of the die has two effects in the process. Firstly, 
die temperature clearly has a softening effect on the paperboard (section 2.2.9.2, p. 25), which 
supports the formability during the deep-drawing process. Previous investigations have shown 
that the material loses a significant amount of strength above die temperatures of 
approximately 160°C. Secondly, the relationship between the coefficient of friction and the tool 
temperature in Figure 47 on the right side shows that friction is reduced at a high temperature.  
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Figure 52: Left: Simulated punch force for the influence of temperature effects on material properties and 
friction. Right: Simulated punch forces for different levels of blankholder and die friction. 
The simulations provide a way to estimate the importance of each effect of the temperature. 
Figure 52 displays on the left side the results of three simulations. In the first one are material 
properties unaffected by the temperature; in the second one the friction is unaffected. For the 
third simulation, both material properties and friction were affected by temperature. There is 
no visible difference between the simulations where both material properties are affected and 
the simulation where the influence of material properties is switched off. On the other hand, 
the result of a simulation without the influence on the friction shows a clearly different 
behavior. Consequently, the simulations state that the influence of the temperature on the 
friction coefficient plays a far more important role than on the material properties. These 
results indicate that deep drawing of temperature sensitive material (e.g. barrier layers) could 
be performed with very low tool temperatures when the coefficient of friction can be 
significantly reduced, for example with coatings of the tools. This result contradicts the 
experimental findings in section 3.3.2 (p. 77) where the softening effect of the die temperature 
seemed to have the more relevant effect on the occurrence of ruptures than the reduction of 
friction.  
From an engineering point of view, the dependency of the punch force on friction (and thus the 
quality of the tooling surfaces required for successful forming) is of great interest. Since the 
punch force is directly related to the radial stress that the blank experiences during forming, 
reduction of the punch force (without also reducing the failure stress) would reduce the chance 
of failure. Additionally, high blankholder force is required to induce small, uniform wrinkling. 
Therefore, friction provides a way to reduce the punch force without changing the failure stress 
of the material nor changing the blankholder force. The right side of Figure 52 displays the 
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simulated punch forces for different levels of friction. Note that the changed friction levels in 
Figure 52 were only for the blankholder and die. Experiments have shown that a high level of 
friction between punch and paperboard is desirable, because the punch needs to grip the 
paperboard during forming. Therefore, the only tools which should have as low friction as 
possible are the blankholder and die. 
 
Figure 53: The through-thickness temperature gradient in the blank prior to deep drawing (Wallmeier 
et al., 2015). 
Figure 54 displays the experimental and simulated punch forces for different thicknesses of the 
same material that has been utilized throughout this study. The punch forces in Figure 54 
match well between the experimental and simulated results. When the tooling on the machine 
is held constant, increased thickness clearly creates a greater punch force peak. The 
thermodynamic aspect of the simulation shows that a significant temperature gradient is 
present through the thickness of the paperboard. Figure 53 shows the temperature gradient 
immediately after the pre-analysis for the simulation with a die temperature at 200°C. Figure 53 
illustrates the complex temperature state that is present within the paperboard during deep-
drawing. 
Furthermore, Figure 51 illustrates that temperature has a considerable impact on the punch 
force. The significant temperature gradient is both from the viewpoint of softening and 
reduction of friction negative for the result of the deep drawing process. A recommendation 
that could be drawn from the results of the simulations is the development and application of a 
heated blankholder. 
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Figure 54: Experimental (exp) and simulated (sim) punch forces for different thicknesses. 
Additionally, the temperature of punch and die could be lower without reducing the amount of 
thermal energy transferred to the material during the process. Since the results in section 0 (p. 
58) and section 3.2.3.3 (p. 71) suggest the maximization of the thermal energy, a heated 
blankholder could improve wrinkling and shape accuracy with reduced maximum 
temperatures. 
4.1.4.2 Analysis of stresses in deep drawing 
In section 4.1.3 (p. 94), the simulations are validated using the curve of the punch force and the 
effects of the most important process parameters on the punch force are studied. Additionally, 
the simulation of the process allows to analyze the stress distributions during the deformation. 
The simulation follows the punch force in Figure 51and Figure 52 well up to a simulation time of 
0.15 s. Furthermore, the validation of the material model in section 4.1.3 (p. 94) shows that the 
model is able to closely follow the stress-strain curves in tensile tests and bending tests with 
the bending line orthogonal to CD. Consequently, we can assume that the stresses in the 
simulation of the deep drawing process are not only qualitatively correct, but also 
quantitatively in the correct magnitude. Note that all simulations have specially adapted color 
coding that enable the visibility of the specific differences in the regions. Therefore, the colors 
cannot be directly compared between the different regions and directions of stresses.  
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Figure 55: X-stress in global coordinates. 
Figure 55 displays the stresses in the global x-direction during the deep drawing process. 
Therefore, the compressive radial stresses in the flange are visible near the y-z-plane while the 
tensile radial stresses are visible near the x-z-plane. The corresponding y-stresses are similar to 
the stresses in x-direction. The y-stresses are mirrored about the 45°-z-plane and differ 
quantitatively only minimal due to the anisotropy of the material.  
 
Figure 56: Z-stress in global coordinates. 
Figure 56 shows the z-stress in the simulation of the deep drawing process. The z-stress in the 
flange area is created by the pressure applied by the blankholder. The z-stresses in the global 
coordinate system in the cup wall originate from moving the material into the die.  
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Excessive z-stresses near the radius of the punch are the primary source of ruptures during the 
process (section 3.3.2, p. 77).  
Especially in Figure 55, the use of a global Cartesian coordinate system is impractical. The 
results are therefore transferred into cylindrical coordinates for all evaluations of stresses in 
global coordinates. The coordinate transformation for the stress tensor is given in Equation 
(4.23) (Bower, 2012).  
Figure 57 displays on the left side the main different regions of interest for the analysis of 
stresses in the deep drawing process. Region 1 is the flange area, region 2 is the cup wall area 
where the material is compressed between punch and die and region 3 is the bottom of the 
cup.  
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Figure 58 shows on the left side the radial stress vv. The measured stresses are primarily in the 
range of 0 MPa to 8 MPa. The stresses are surprisingly inhomogeneous even though the model 
does not contain any variations of material properties.  
 
 
Figure 57: Left: Regions for the analysis of stresses. Right: Stresses in the flange. 
The region at the inner edge of the flange area is affected by the bending around the radius of 
the die and therefore experiences higher radial stresses. There is no clear difference between 
the radial stresses in MD and CD. MD is parallel to the x-axis. The elements crumble slightly 
under the tangential stress which is displayed in Figure 58 on the right side. This leads to a 
somewhat uneven surface and locally increased friction between the paperboard and the 
blankholder and die respectively. The highest tangential stresses occur close to the y-z-plane 
(CD) at the radius of the die. Consequently, local buckling and the formation of wrinkles is likely 
to be initiated in this area. The wrinkles the follow the path of least resistance in approximately 
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radial direction to the edge of the cup. The simulation predicts up to 35 MPa of compressive 
tangential stress. This value by far exceeds the compressive stresses that can be achieved in SCT 
or similar testing methods. (Hagman et al., 2013) report failure stresses in SCT of 15.2 MPA to 
17.5 MPa in MD for materials with a thickness of 0.33 mm to 0.39 mm. The SCT failure stresses 
in CD are around 12 MPa. The failure stresses in an LCT range from 9.1 MPa to 13.8 MPa and in 
CD from 7.2 MPa to 9.5 MPa. Furthermore, the model is likely to overestimate the compressive 
stresses due to the inability to form wrinkles. A quantitative validation of the simulated stresses 
is not possible, since there is currently no test procedure to measure the compressive stresses 
under similar conditions.  
  
Figure 58: Region 1, Left: Radial stress. Right: Tangential stress. 
The expected stresses for region 2 where the material is between punch and die are displayed 
in Figure 59 on the left side. The compressive tangential stress should be present, even though 
a further reduction of the diameter does not occur in this region. The presence of normal 
stresses is depending on the gap between punch and die. The normal stress in Figure 59 on the 
right side is close to zero for most elements The shape of the section shows that the material is 
not compressed between punch and die although the out-of-plane Poisson's ratios are set to 
zero ( 
Table 19) and the gap between punch and die is slightly smaller than the material thickness 
(Table 4). Blankholder force, temperature of the die, temperature of the punch and moisture 
content of the material are the most prominent parameters of the process. High values of 
blankholder force are favorable, because this leads to the formation of a large number of 
wrinkles, which results in a good optical quality (Hauptmann and Majschak, 2011). 
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Figure 59: Left: Stresses in the cup wall area. Right: Region 2, normal stress  
The tangential or compressive stresses in Figure 60 on the right side are very high due to the 
inability of the material model to form wrinkles. Furthermore, high radial stresses are present 
(Figure 60, right). The explanatory power of the model in this section is obviously reduced, 
since wrinkles appear in this section and are critical for the mechanical behavior. 
  
 
Figure 60: Region 2. Left: Tangential stress. Right: Radial stress.  
Figure 61 shows the expected stresses in the bottom of the sample. The state of stress can be 
expected to be bi-axial tension. The tangential stress should not be present in a perfectly 
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isotropic material, but the anisotropy of paperboard may lead to shear stress induced 
tangential stresses.  
 
Figure 61: Stresses in region 3.  
Figure 62 shows on the left side evenly distributed tensile stresses that are slightly higher at the 
edge of the cut out section. This effect near the boundary also occurs when the middle section 
is not cut out and the whole quarter of the blank is simulated. The reduction of the number of 
elements does not affect the simulated punch force, but significantly reduces the simulation 
time. the elements at the outer boundary of the region displayed in Figure 62 are compressed 
due to the bending around the radius of the punch. The tangential stresses in Figure 62 on the 
right side are unevenly distributed, because of boundary effects and the anisotropy of the 
material.  
  
Figure 62: Region 3. left: Radial stress, right: Tangential stress. 
4.1.5 Limitations for FEM-models 
The results in section 4.1.4.1 and 4.1.4.2 show that the size of elements is not sufficiently small 
to simulate the formation of wrinkles. Instability occurs under the high compressive in-plane 
loads and causes crashes of the simulations due to excessive local deformations. A REM-image 
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of the cross-section of a wrinkle is displayed in Figure 63 on the left side, showing the 
deformations of the material in a single wrinkle.  
The white dotted z-shaped line is located along the neutral fiber; white ovals indicate the areas 
of large deformations due to shear stresses. The material structure is clearly distorted in these 
areas. The destruction of the structure leads to the drastic reduction in material strength and 
stiffness in the cup wall. (Hauptmann and Majschak, 2016) performed the tensile tests of 
section of the cup wall with the wrinkles orientated orthogonally to the direction of loading and 
measured significantly reduced material strength. The black circle marks an area of strong 
compression in ZD. 
  
Figure 63: Left: REM-picture of a cross section of a wrinkle Source: PTS. Right: Traction-separation curve 
for the delamination model, reproduced from (Li et al., 2016b). 
Simulation times of up to 100 hours on a computer with 4 CPU (3.07GHz) and 8 GB RAM were 
needed to perform the simulations presented in section 4.1.4. Increasing the mesh density 
further would result in drastic increase in simulation time. Consequently, only a small extract of 
the blank is used to test the material model’s ability to simulate single wrinkles. The extract 
represents a section under the blankholder. Application of blankholder force by the horizontal 
boundaries was tested but prevents buckling of the section and eventually the formation of a 
wrinkle. Therefore, fixed and rigid boundaries are used to model the surfaces of die and 
blankholder. The boundaries are located 0.1 mm above and under the blank.  
The in-plane compression is induced by a movement of the nodes at the right and left edge in 
opposite direction towards the center. The mode consists of 4 layers that are connected using 
tiebreak contacts. The option for delamination is introduced with a traction-separation law of 
the tiebreak contacts. The input values for the traction-separation relationship of the layers are 
based on measurements published in (Li et al., 2016b). Instead of five elements in ZD for the 
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simulations in section 4.1.1.1, six elements are used for every single layer in ZD. Three elements 
are used for the y-direction. In order to construct practically cube-shaped elements, 1260 solid 
elements are used for every layer. Additionally, the upper and lower boundaries consist of 90 
and 72 shell elements, each. The results for x-stress, z-stress and zx-stress in Figure 64 show the 
occurring stresses. 
 
Figure 64: X-stress, z-stress and zx-stress of the simulation of a single wrinkle. 
The x-stresses are naturally mostly compressive, but also areas of tensile stress appear due to 
the sharp bends of the layers. An area of large compression in ZD reaching up to 50 MPa 
emerges. The substantial shear stress is captured by the model, but naturally the model cannot 
reproduce the large deformations in the shear zones. Numerical instability occurs due to the 
large deformations in the zones of high local compression. The simulation time for the single 
wrinkle is 4h43min. The results indicate that the material model can be used to gain insight in 
the formation of single wrinkles. The simulation of a deep drawing process including the 
formation of wrinkles is not possible with the material model, due to the required mesh size 
and the resulting computational time.  
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4.2 Global model 
4.2.1 Material model 
4.2.1.1 Mechanical behavior 
The results of the simulations in section 4.1.4.1 (p. 96) and section 4.1.5 (p. 106) show that an 
adaption of the methods developed for closely related forming processes, like sheet metal 
forming, is insufficient to capture the deep drawing process with paperboard. The applied 
model shows significant shortcomings and can only be used to simulate the first section of the 
process. Especially the formation of microscopic wrinkles is essential for a simulation and 
cannot be performed with the current methods in an acceptable simulation time. Even though 
the model can already provide interesting insights, future models should be aimed at a 
complete simulation of the process. The experimental investigations of shape accuracy and 
formation of wrinkles show that different aspects of the process are influenced by various 
parameters and that difficult relationships and interactions between process parameters and 
quality criteria exist. This section aims to recap the findings of the experimental and simulated 
results and to provide guidance for the development of models for the simulation of different 
aspects of the deep drawing process.  
The basis for the simulation is an orthotropic elastic-plastic material model for the general 
deformation behavior of paper and paperboard. Many of the recently developed models use 
the yield surface with 6 or even more sub-surfaces based on (Xia et al., 2002). The hyperbolic 
tangent function is used in many material models for the plastic part of the deformation. 
Disadvantages of those comparably complex models are the computational effort and the 
difficulties during the parameterization. Furthermore, there are only very few experimental 
investigations of the yielding and post-yielding behavior. On the other hand, (Huang et al., 
2012) achieved good results in simulations of creasing and folding using a Hill-Type yield 
surface. The model includes a more complex delamination model including variable shear 
stresses over the thickness of the material. Delamination seems to be the crucial effect to 
capture creasing and the subsequent folding process. The results in section 4.1.4.1 (p. 96) show 
that a rather simple material model with a yield surface shaped like a box captures the material 
behavior rather well until the formation of wrinkles starts to largely influence the process. 
The material model used for the simulations in section 4.1 (p. 84) furthermore only contains a 
simple bilinear model for the stress-strain relationship in tension and compression. The 
obtainable data on the material properties under in-plane compression are insufficient due to 
the occurrence of buckling and delamination in the short and long span compression tests. 
There is currently no test method available that reproduces the specific loads of the deep 
drawing process during the formation of wrinkles. A material model would largely benefit from 
a characterization of in-plane compression und ZD loading.  
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The simulations are likely to overestimate the punch force in Figure 51 due to the lacking ability 
to form wrinkles. The subsequent instability leads to crashes of the simulation. Consequently, a 
macroscopic wrinkling model is definitively required for the simulation of the process. A 
wrinkling model must include a condition for the occurrence of instability and the onset of the 
formation of wrinkles. Rather than improving the model under uniaxial tension with more 
complex yield surfaces and non-linear stress-strain relationships, the results of the previous 
sections suggest that new methods for the characterization of the material under the multiaxial 
tensile and compressive loads could improve the results of the simulation.  
4.2.1.2 Wrinkling model 
The results in section 4.1.5 (p. 106) suggest that the simulation of a deep drawn cup with up to 
400 wrinkles cannot be performed using the classical approaches in FEM-simulations, because 
the wrinkles can be as small or smaller than a single element. A drastic reduction of the size of 
the elements could facilitate the simulation, but results in simulation times that are unfeasible 
for the application in the design process for the tools. Large local deformations in big models 
occur for example in crash simulations. Since it is undesirable to apply a very fine mesh for all 
(mostly undeformed) parts of the model, adaptive meshing has been developed. The mesh is 
constantly refined during the simulation in sections that are exposed to large deformations. But 
mesh refinements in up to 100 wrinkles would also results in significantly longer simulation 
times. Consequently, a constitutive model is needed to estimate the stress for the onset of 
wrinkling, the location of wrinkles and predict the mechanical properties after wrinkling. 
(Linvill et al., 2017) present a first approach for the simulation of wrinkles in deep drawing. 
(Linvill et al., 2017) assume that every wrinkle can be simplified into a perfectly plastic hinge. 
The hinge carries a moment given by equation (4.24). 
 $ = ,<4  (4.24) 
where $ is the moment carried by the hinge, , is the hinge cross-section thickness,  is the 
width of the cross-section and < is the hinge yield stress. < is depending on the direction to 
incorporate the effects of anisotropy. < can be treated as a unique material property. The 
stresses can be derived from a moment balance and implemented in the following algorithm:  
(i) Major Block # 1: Input  
(ii) IF the integration point has not already wrinkled according to Major Block # 1: Input 
OR the wrinkles are stretched according to Major Block # 3: Fully Stretched Wrinkles 
THEN  
a. Major Block # 2: Non-Wrinkled Mechanical  
b. Major Block # 5: Wrinkle Prediction  
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(iii) ELSE  
a. Major Block # 4: Wrinkled Mechanical Response  
(iv) END 
(v) Major Block # 6: Output 
The wrinkling model is implemented in the material model presented in (Wallmeier et al., 2015) 
and contains following assumptions: 
• Inhomogeneity of the material is not considered, 
• wrinkling is assumed to not have any damaging effects,  
• no additional wrinkles can occur at an integration point that is already wrinkled, 
• an integration point that has wrinkled is assumed to be completely filled with wrinkles, 
• The wrinkle direction is assumed to be induced in the direction of minimum, in-plane 
principal stress. 
The hinge model provides good results when it is applied for the estimation of forces that arise 
during the formation of a single wrinkle under in-plane compression and the behavior of an 
already wrinkled sample under tensile load in both MD and CD. The whole deep drawing 
process can be simulated with the hinge model, since wrinkles are created under compressive 
in-place stress and numerical instability can be avoided (see Figure 65). The punch force, that is 
used to validate the results in (Linvill et al., 2017) follows the experimentally determined curve 
well, until the formation of wrinkles largely influences the process.  
 
Figure 65: Overlay of experimental and simulated deep-drawn paperboard cup after spring back, 
where white elements are non-wrinkled and magenta elements are wrinkled (Linvill et al., 2017). 
The model generally overestimates the punch force in the following parts of the process. This 
effect likely appears due to the sensitivity of the friction forces to small alterations of the 
distance between punch and die. The results of the analysis of the formation and location of 
wrinkles in section 3.2.3 (p. 65) can be displayed as wrinkles over the cup height. A comparison 
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of the simulated number of wrinkles in (Linvill et al., 2017) with the experimentally determined 
number of wrinkles from the validation measurements show a good match of simulation and 
experiments. 
The approach in (Linvill et al., 2017) that uses perfectly plastic hinges to describe the wrinkles 
shows promising results. Furthermore, the model profits from an easy parameterization, 
because only the hinge yield stresses < in MD and CD must be determined. Nevertheless, 
other approaches might be used to further improve the results and explanatory power of the 
model. Föppl-von Kármán plate theory is used to describe the buckling and blistering of thin 
films (Ben Belgacem et al., 2012, 2002). Since the formation of wrinkles originates from 
instability under compressive in-plane loads, the classical theory of plate buckling could also 
provide ways to estimate the onset of wrinkling and the post-buckling behavior.  
4.2.1.3 Inhomogeneity 
As discussed in section 2.2.8 (p. 22), paperboard is an intrinsically inhomogeneous material. The 
wrinkles in the deep drawing process form at random locations (section 3.2.3, p. 65). 
Furthermore, the ruptures occur randomly, especially when the combination of process 
parameters leads to a state of stress close to the maximum strength of the material (section 
3.3.2, p. 77). Maximizing the transferred thermal energy and the blankholder force have a 
positive effect on the quality of the deep drawn cups (section 3.1.4.2, p. 55 and section 3.2.3.3, 
p. 71). Unfortunately, this combination of parameters also increases the probability for the 
occurrence of ruptures. The determination of process parameters and geometrical properties 
of the tools contains finding a compromise between minimal risk for the occurrence of ruptures 
and optimal quality characteristics of the product. The range of the mechanical, 
thermodynamic and tribological properties of the material must be considered for the risk 
assessment. The inhomogeneous behavior does not necessarily have to be implemented in the 
material model. Simulated stresses in the deep drawing process could be compared with 
experimentally determined probabilities for the occurrence of ruptures under similar states of 
stress. The statistical method presented in section 3.3.1 (p. 73) could be used to for the 
prediction of the probabilities. The FEM-model used throughout this work does not contain any 
inhomogeneous material properties, but already produces inhomogeneous results (section 
4.1.4.2, p. 101), due to numerical effects and random effects, for example in the contact 
algorithm. As a result, the simulated formation of wrinkles in section 4.2.1.2 is obviously 
random. Nevertheless, these random effects contain a high risk for instable behavior and 
should be prohibited with the objective of a stable and reliable simulation.  
The implementation of stochastic effects and inhomogeneous material parameters in FEM-
simulations of paper and paperboard is a field of research that has not been extensively 
covered, yet. Stochastic distributions of material properties, boundary conditions or loads are 
already used for the analysis and construction of systems and structures in other branches 
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(Stefanou, 2009). However, the methods have not been applied and adapted to paper and 
paperboard, yet.  
4.2.2 Modeling of environmental influence 
The heating of the deep drawing tools - punch and die - has a significant impact on various 
parts and quality criteria of the process. The temperature is the most important parameter to 
control the shape accuracy (section 3.1.4.1, p. 51). Increasing the temperature facilitates the 
formation of wrinkles, leads to a higher number of wrinkles (section 3.2.3.2, p. 66) and 
produces a more uniform distribution of the wrinkles on the flange (Hauptmann, 2010). 
Consequently, the transferred thermal energy seems to improve the formability in the areas of 
large local deformation in wrinkles. On the other hand, the results of the simulations in Figure 
52 indicate that the temperature has no major effect on the punch force during the 
macroscopic deformation when the material is bended around the radii of punch and die. 
Assuming that the temperature mostly improves the shape accuracy by creating a more 
desirable ratio of plastic and elastic deformation during the formation of wrinkles, one could 
conclude that considering the influence of temperature is more important in a wrinkle model 
than in the general material model.  
As discussed in section 3.3.2 (p. 77), the temperature of the deep drawing tools has two effects 
concerning the occurrence of ruptures during the infeed process. The temperature of the die 
has the well-known softening effect on the material which is covered in section 2.2.9.2 (p. 25). 
Increasing the temperature of the punch leads to a small drawing gap due to thermal expansion 
of the punch and changes the state of stress significantly when the drawing gap is 
approximately equal to the material thickness. A model that covers this effect must include 
thermal expansion of the tools and precisely predict the compression of the material between 
punch and die. It furthermore requires a high accuracy of the friction model and the post-
wrinkling ZD stress-strain relationship under compressive loads.  
Surprisingly, the moisture content was found to be insignificant for the formation of wrinkles 
and the occurrence of ruptures. This may be caused by an insufficient variation of the moisture 
content between 6% and 10% because the relationships between moisture content and various 
material properties are well-known and documented (section 2.2.9.1, p. 24). The effect of 
moisture content itself is also found to be insignificant in the analysis of the shape accuracy, but 
the interaction terms with the tool temperatures are statistically significant. Consequently, the 
interaction of temperature and moisture content should be considered in a simulation. The 
drying of the material during the process is likely to be the reason for the significance of the 
interaction terms.  
The effects of temperature and moisture content on the mechanical properties have been 
separated with considerable effort, for example in (Salmén and Back, 1977). Nevertheless, the 
4. Simulative process analysis 
114 
interaction between moisture content, temperature and the drying during process seem to be 
more important for the outcome of the process, than the moisture content itself. The statistical 
models in the experimental section of this work benefitted in some cases from the removal of 
the experimental data covering the influence of the moisture content. Considerable amount of 
scatter was introduced when the moisture content was varied. 
Thermal solvers are usually implemented in commercially available FEM-programs. During 
solving of the mechanical problem, the temperature is determined based on heat conduction 
and radiation and the mechanical properties are adapted to the new temperature in the 
material. Including the moisture content in the same way would require an external nonlinear 
external moisture-content solver (Linvill and Östlund, 2016a). Models for this problem have 
been developed (Alexandersson et al., 2016; Leisen et al., 2002; Östlund et al., 2011), but an 
additional solver would drastically increase the complexity and the simulation time. (Linvill and 
Östlund, 2016a) present a model that reduces the complexity by linking the moisture content 
directly to the present temperature. This procedure requires some assumptions. Firstly, (Linvill 
and Östlund, 2016a) assume that moisture is not transported during the process between 
integration points. Secondly, it is assumed that only liquid water influences the mechanical 
properties. Thirdly, a moisture gradient within one integration point is regarded to be 
inexistent. Using these assumptions, the ratio of liquid water content can be calculated directly 
from the current temperature. The ratio can be used to calculate the moisture content 
dependent mechanical properties and the effects of drying during the process can be studied. 
Nevertheless, if the transport of moisture content during the process is found to be a significant 
influence, an additional solver for the moisture content is inevitable.  
4.2.3 Friction model 
The friction between the surfaces of the tools and paperboard is the second most significant 
influence on the occurrence of ruptures in the deep drawing process (section 3.3.2, p. 77). The 
literature review in section 2.3.5 (p. 41) shows that certain aspects of the friction have already 
been investigated and that basic relationships are well-known. Furthermore, various 
standardized testing methods exist, but especially the relationships between temperature, 
moisture content and the coefficient of friction have not been examined in detail, yet. 
Additionally, the standardized testing methods cover ranges of pressure that are far below the 
pressure that is applied in the deep drawing process. Since the mechanical properties under 
compression in ZD are highly non-linear, it can be assumed that also the coefficient of friction 
under high loads could be non-linear.  
The results of the simulations in Figure 52 show, that the influence of the temperature of the 
tools on the coefficient of friction might be significantly more substantial than the influence on 
the mechanical properties. It has been previously assumed that the temperature of the tools 
has a softening effect that facilitates the formation of wrinkles and therefore improves the 
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processability of the material (Hauptmann, 2010). Of course, a better distribution of smaller 
wrinkles creates less pressure and friction between punch and die than a few large wrinkles. 
However, the results in Figure 52 show that there is no influence of the softening effect that 
would facilitate the bending around the radii of punch and die.  
The literature review in section 2.3.5 (p. 41) shows that there has been no focus on the 
modeling of friction in the simulations of forming processes with paperboard, yet. Coulomb 
models without a relationship between the coefficient of friction and the surface temperature 
of the tools have been applied. Furthermore, unrealistically high coefficients of friction have 
been used. A significant need for research exist, since temperature and moisture depending 
models that have been validated in the expected range of pressure have not been developed, 
yet. Additionally, the pre- and post-wrinkling stress-strain behavior in ZD must be precisely 
captured by the model to accurately predict the ZD stresses.  
4.2.4 Rupture model 
Ruptures in materials can be analyzed in simulations and experimentally in two different ways. 
The field of research that deals with the propagation of rupture through the material is fracture 
mechanics. An overview of the literature on fracture mechanics in paperboard is given in 
(Östlund and Mäkelä, 2012) and (Kortschot, 2002). Applications of fracture mechanics are 
published for in-plane fracture of paper in (Mäkelä and Östlund, 2012) and (Tryding, 1996), and 
for delamination in (Ilomäki, 2004). Additionally, the simulations of creasing and folding require 
a damage and failure model for the delamination (section 2.4.2, p. 42). However, the 
propagation of a fracture through the material is not vitally important for analysis of the deep 
drawing process. The occurrence of a small rupture usually triggers a complete failure, due to 
the concentration of stress and the reduction of strength in the fracture zone. Furthermore, 
even small fractures can lead to large local strains that exceed the extensibility of a coating or 
barrier layer. Consequently, only the onset of fracture must be considered for the simulation of 
the deep drawing process.  
The onset of fracture is one of the most widely examined mechanical properties of paper and 
paperboard with stress and strain at break being reported in almost every study. There are, 
however, only few studies on the mechanical properties under multiaxial states of stress with 
tension and compression similar to the stresses that occur in deep drawing (section 2.2.6, p. 
20), for example in (de Ruvo et al., 1980; Gunderson and Rowlands, 1983; Linvill and Östlund, 
2016b). (Linvill and Östlund, 2016b) state that a strain based failure surface is more useful than 
a stress-based failure surface, because the expected deformation and thus strain state during 
the 3D forming operation can me estimated more easily. Statistical approaches to the 
occurrence of fracture in paper products are examined in (Uesaka, 2012).  
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The occurrence of rupture in forming simulations with paperboard has been examined in 
(Groche et al., 2012) to determine the maximum blankholder force for the process. However, 
the failure criterion is not net presented in (Groche et al., 2012). Even though complex 
anisotropic failure and damage model do exist and are already implemented in commercially 
available FEM-software (Livermore Software Technology Corporation, 2014), these methods 
have yet to be tested and adapted to the requirements of paperboard. A critical aspect of the 
simulation of the onset of fracture is the sensitivity to the mesh size. Large strains occur locally 
during tensile tests with paperboard locally, but don't necessarily induce rupture when the 
region of large strains is locally restraint and neighboring regions can carry the load (Wallmeier 
et al., 2016b). When the region of large strains reaches a critical dilation, a rupture in the whole 
sample occurs. A rupture model must include criteria that make it insensitive to varying mesh 
sizes, especially when the material model contains inhomogeneous material properties and 
locally differing strains occur.  
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5 Conclusions 
The aim of this thesis was to investigate the deep drawing process experimentally and using 
simulations. The main underlying research question was the applicability of conventional FEM-
models for the deep drawing process of paperboard. To undertake first steps towards a 
simulation of the complete process, it was necessary to explore possibilities and limitations of 
FEM-models, provide methods for validations and explore the most promising areas for 
improvement of the models using simulations and experiments.  
A measurement method for the evaluation of the shape accuracy was developed. The method 
was designed to ensure minimal influence of the operator on the result and provide an 
objective measurement. The measurements resulted in little scatter and a high repeating 
accuracy. The validation of the results ensured that the automated detection of a projected 
laser line has a sufficient resolution and high accuracy. Furthermore, the procedure is 
adequately fast for laboratory use. The results of a parametric study showed that the 
temperature of the tools had the strongest influence on the shape accuracy. Blankholder force 
was found to have a negative effect on the shape accuracy. The influence of the moisture 
content was only significant for two and three-way interaction terms with the temperature of 
the punch and the die. A high velocity of the punch worsened the shape accuracy by reducing 
the time of contact between the material and the heated tools. Simulations were used to 
calculate the heat energy that is transferred to the paperboard during the process. A strong 
correlation between the simulated heat energy and the shape accuracy was found. Generally, 
increasing the heat energy improved the shape accuracy.  
An accurate and automated method was needed to provide enough data to analyze the 
formation of wrinkles during the process and create a stable tool for validations of simulations. 
A method for automatic detection of wrinkles in high-resolution images was developed. The 
algorithm used filters and edge detection algorithms to find regions of specific pre-defined 
dilation and gray value. The method was successfully validated by comparing the automatically 
calculated number of wrinkles with manually counted results. Most samples had a deviation 
from the manually counted result of 0% to 7%. The same parameters for filters, binarization 
and binary operations were used for all experiments and showed that the method is stable and 
reliable for a wide range of process, material and environmental conditions and parameters. A 
low rate of detection occurred in case a high compression between punch and die was applied. 
The compression had a negligible effect on the number and formation of wrinkles and was 
therefore kept constant and minimal. The blankholder force was found to be the most 
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prominent process parameter for the formation of wrinkles. Tool temperatures and the velocity 
of the punch showed also significant influence in the parametric study. A correlation of the 
transferred heat energy and the number of wrinkles showed a trend, but the results contain 
too much scatter to be definitive. A correlation between shape accuracy and number of 
wrinkles was found.  
A statistical analysis of the occurrence of ruptures in deep drawing of paperboard was 
conducted. Four main causes for rupture were distinguished and an extensive parametric study 
was performed. As ruptures is a command variable with a binary outcome, logistic regression 
was used to predict the probability of the occurrence of ruptures. The blankholder force was 
found to be the most important parameter for ruptures. The temperatures of the tools and the 
velocity of the punch and was also found to be significant. The moisture content was 
surprisingly found to be insignificant, just like for the formation of wrinkles. The probability for 
rupture was found to increase with a higher temperature of the die, indicating that the 
softening effect of the temperature plays an important role.  
The FEM-software LS-DYNA was used for the simulation of the deep drawing process. A FEM-
model was developed, and a specifically designed material model was implemented in 
collaboration with KTH Royal Institute of Technology. The orthotropic elastic-plastic material 
model considers the effects of the temperature on the mechanical properties and on the 
coefficient of friction. Furthermore, specific heat capacity and thermal conductivity are 
influenced by the temperature the material model was calibrated using data from tensile tests 
and values from the literature. The validation of the model showed a good accuracy with 
experimental data from tensile tests and bending simulations with the bending line orthogonal 
to CD. Considerable deviations from the experimental bending data was found in case the 
bending line was orthogonal to MD, because the layered structure of the material with strong 
outer layers and a bulky middle layer was not simulated to reduce the numerical effort.  
The relatively simple model was able to determine the experimental punch force in deep 
drawing simulations within reasonable accuracy up to the point at which wrinkling begins to 
dominate the material response. Furthermore, the model captured the variation in the punch 
force caused by changing temperatures and blankholder forces. Note that no parameter fitting 
was utilized to make the simulated punch force curves match closer to the experimental punch 
force curves. However, the presented model is incapable of capturing what happens during 
paperboard deep-drawing after the first peak in the punch force, when wrinkling of the 
paperboard begins to dominate the material response. This model cannot be utilized to study 
the effect of various process parameters on the final quality of the cup, such as spring back, 
earing, and the number of wrinkles. The simulation of the infeed process showed that the 
effect of tool temperature on the coefficient of friction seems to be more substantial than the 
effect on the mechanical properties. However, this finding contradicted the experimental 
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results that indicated a stronger influence on the reduction of material stiffness. Further 
investigations are needed to clarify the strength of the opposing effects and the circumstances 
under which each effect is dominating the results. A study of the limitations of the material 
model showed that the model would be principally able to capture the formation of wrinkles if 
a delamination model is included. However, the required number and size of the elements 
prohibits the simulation of the wrinkling due to the resulting excessive simulation time. 
This thesis work has produced interesting insights in the deep drawing process, methods for 
objective measurement of quality criteria and possibilities as well as limitations of FEM 
simulation of the process. However, this work must be seen as the start of the development of 
specialized techniques and methods for the specific requirements of deep drawing of 
paperboard and closely related forming processes. Several questions and working areas can be 
derived from the results.  
On the experimental side, the unexpected insignificance of the moisture content raises 
questions. Further investigations are necessary to explore the various effects and 
interdependencies of the moisture content and various other process and material parameters. 
For this purpose, the construction of a unit for in-line measurement and regulation of the 
moisture content is necessary. The effect of moisture gradients, the drying during the process 
and local differences in the moisture content are still not known. Furthermore, this thesis is 
focused on the effects of a rather small number of (process-) parameters. However, the list of 
material, process and environmental parameters in Appendix 4 contains several other 
potentially significant variables. Investigations of the influence of geometrical parameters of 
the tools is challenging, due to the sensitivity of the process towards small deviations of the 
drawing gap, the conicity of the punch or the surface of the tools. The non-linear stress-strain 
behavior of paperboard in ZD and the interdependency with wrinkling and the local increase in 
thickness lead to a strong sensitivity towards thickness changes and changes of the gap.  
Furthermore, first investigations into the effects of changes of the material properties raise 
questions and provide possibilities for improvement of the process. Changing parameters, for 
example in the pulping process, has various structural, mechanical and tribological implications 
that complicate the interpretation of the results. Extensive investigations are necessary to fully 
understand the complex relationships between the material parameters and the performance 
of the material in the forming process. Reduction of the complexity of the process through 
simplified substitute tests is vital for the understanding of the process. Unfortunately, standard 
testing methods and procedures do not reproduce the complex states of stress and the 
magnitude of stresses and strains that are present in the deep drawing process. Especially the 
in-plane compression and wrinkling cannot be easily separated from the process. Besides that, 
the literature provides only few investigations into the stiffness and strength of paper and 
paperboard under complex three-dimensional loads.  
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Concerning the simulation of the process, possibilities for the application of FEM-models and 
their limitations were explored. The simulations showed the necessity for the development of 
specialized wrinkle models, as wrinkling is the dominant form of deformation after the infeed 
process. A first attempt lead to promising results using a simple hinge model for the wrinkles. 
The simplicity of the model keeps the number of additional material properties to a minimum, 
but further approaches should be explored and compared to the first results. On the other 
hand, simulations to investigate the most prominent source of failure – rupture in the infeed 
process - do not require a wrinkling model, but an advanced model to capture the onset of 
fracture. Improved numerical stability could be sufficient to provide reliable and accurate 
results for the stresses and strains in the first 0.1 s of the process using the current model.  
Experimental investigations of the friction under conditions comparable to deep drawing have 
not been published, yet. The simulations show that the effect of tool temperatures on the 
coefficient of friction might be one of the most important factors, rather than the effect on the 
mechanical properties. However, the available data is based on standardized tests that use 
significantly lower pressure and are mostly performed with cold tools. Consequently, the 
predictive power of FEM-models could be improved with more knowledge and experimental 
data of the tribological system. This work concentrated on the use of solid elements, as the 
material model was not implemented for shell elements. Shell elements are commonly used in 
simulations of sheet metal forming because of the better simulation times. Finally, a complete 
model including wrinkling and rupture has to be established to run parametric studies and 
investigate the relationships of material parameters, process parameters, environmental 
parameters and quality criteria. 
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Appendix 1: Mechanical properties 
Property Direction Standard Unit Value Standard deviation 
Grammage  (ISO 536:2012, 2012) g/m2 346 1.1 
Thickness  (DIN EN ISO 534:2012-02, 2012) µm 438 5.0 
Apparent bulk 
density  (DIN EN ISO 534:2012-02, 2012) g/cm
3 1.27  
Specific Volume  (DIN EN ISO 534:2012-02, 2012) cm3/g 0.79  
Absolut humidity  (DIN EN ISO 287:2009-05, 2009) % 5.82 0.2 
Tensile Strenght MD (DIN EN ISO 1924-2:2009-05, 2009) N 330.0 9.6 
CD (DIN EN ISO 1924-2:2009-05, 2009) N 173.3 3.0 
Tensile stretch MD (DIN EN ISO 1924-2:2009-05, 2009) % 2.32 0.11 
CD (DIN EN ISO 1924-2:2009-05, 2009) % 5.13 0.35 
Tensile index MD (DIN EN ISO 1924-2:2009-05, 2009) Nm/g 200.96 5.83 
CD (DIN EN ISO 1924-2:2009-05, 2009) Nm/g 105.52 1.74 
TEA MD (DIN EN ISO 1924-2:2009-05, 2009) J/m2 326.7 18.57 
CD (DIN EN ISO 1924-2:2009-05, 2009) J/m2 362.2 98.28 
E-Modulus MD (DIN EN ISO 1924-2:2009-05, 2009) GPa 4.9 0.08 
CD (DIN EN ISO 1924-2:2009-05, 2009) GPa 3.5 1.48 
Bending stiffness MD (DIN EN ISO 1924-2:2009-05, 2009) Nmm 46.7 2.1 
CD (DIN EN ISO 1924-2:2009-05, 2009) Nmm 18.8 0.9 
SCT MD (DIN EN ISO 1924-2:2009-05, 2009) kN/m 10.4 0.49 
CD (DIN EN ISO 1924-2:2009-05, 2009) kN/m 7.03 0.36 
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Appendix 2: Friction 
Case Direction Side Load Value 1 Standard deviation 1 Value 2 
Standard 
deviation 2 
Static MD FS 1 0.056 0.012 0.066 0.0083 
Static CD FS 1 0.072 0.011 0.074 0.0182 
Static MD BS 1 0.079 0.010 0.067 0.0558 
Static CD BD 1 0.073 0.012 0.06 0.0028 
Dynamic MD FS 1 0.044 0.012 0.057 0.008 
Dynamic CD FS 1 0.059 0.010 0.067 0.0181 
Dynamic MD BS 1 0.063 0.005 0.059 0.0054 
Dynamic CD BD 1 0.057 0.007 0.05 0.0014 
Static MD FS 2 0.099 0.005 0.102 0.0115 
Static CD FS 2 0.101 0.005 0.117 0.005 
Static MD BS 2 0.102 0.001 0.111 0.0048 
Static CD BS 2 0.104 0.005 0.118 0.0042 
Dynamic MD FS 2 0.097 0.005 0.098 0.0111 
Dynamic CD FS 2 0.099 0.005 0.111 0.0037 
Dynamic MD BS 2 0.100 0.001 0.105 0.0044 
Dynamic CD BS 2 0.102 0.005 0.112 0.005 
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Appendix 3: Material composition 
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Appendix 4: Relevant parameters for deep drawing of paperboard 
(Hauptmann, 2010). 
Parameter   
Process Geometry of the cup Diameter 
Height 
Radius of the edge 
Flange size 
Base geometry 
Tools Infeed radius 
Conicity of the punch 
Height of the die 
Gap between punch and die 
Surface of the tools 
Basic material of the tools 
Geometry of the calibrating cavity 
Movement of the punch Positioning of the punch 
Velocity of the punch 
Acceleration of the punch 
Law of motion 
Synchronization 
Moment of inertia 
Cycle time 
Control deviation 
Process parameters Blankholder force 
Control of blankholder force 
Temperature of the punch 
Temperature of the die 
Application of a calibration cavity 
Temperature of the calibration cavity 
Material Basic material Fibers 
Fiber properties 
Pulping process 
Additives 
Filler media 
Structure Porosity 
Formation 
Applications, Refinement 
Layers 
Grammage 
Density 
Thickness 
Basic properties Elastic –plastic properties 
Anisotropy 
Inhomogeneity 
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Hygroscopicity 
Rheological properties Bending stiffness 
Out-of-plane compressibility 
Tensile strength 
Extensibility 
In-plane compressibility 
Surface properties Roughness 
Sorptive properties Adsorption, Desorption 
Previous sorption 
Swelling  
Moisture content 
Heat transfer 
Thermal conductivity 
Environment Temperature  
Ambient relative humidity  
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Appendix 5: Flowchart for shape accuracy analysis algorithm 
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Appendix 6: Flowchart for wrinkle detection algorithm 
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Appendix 7: Predicted probability of rupture and the corresponding 
experimental results  
°±² (N) ³´ (°C) Die surface µ ´(mm s-1) ¶´ (mm) Rupture Prediction 
3000 80 Polished 
steel 
20 109.2 0.0 0.042 
4000 200 Polished 
steel 
20 109.2 0.0 0.355 
6000 200 Polished 
steel 
20 109.2 1.0 0.706 
5000 80 PTFE-
coated 
50 109.2 1.0 0.584 
5000 160 PTFE-
coated 
5 109.2 0.4 0.832 
5000 80 Polished 
steel 
5 109.2 0.4 0.164 
10000 160 Polished 
steel 
300 109.1 1.0 0.984 
500 80 Polished 
steel 
300 109.3 0.0 0.057 
7625 80 Polished 
steel 
10 108.5 1.0 1.000 
3000 80 PTFE-
coated 
5 109.2 0.0 0.183 
7625 80 Polished 
steel 
300 109.1 1.0 0.547 
9000 160 PTFE-
coated 
5 109.2 1.0 0.990 
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Appendix 8: Examples for the automatic detection of wrinkles 
 
Wrinkles and detection for H! = 1000 J, + = 160°, +? = 80°, $ = 6%, -? = 100 %% F⁄ , ? =108.5 %% 
 
Wrinkles and detection for H! = 8000 J, + = 160°, +? = 160°, $ = 12%, -? = 100 %% F⁄ , ? = 108.5 %% 
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Wrinkles and detection in MD for H! = 8000 J, + = 160°, +? = 160°, $ = 6%, -? = 100 %% F⁄ , ? = 109.1 %% 
 
Wrinkles and detection for H! = 4000 J, + = 160°, +? = 160°, $ = 12%, -? = 10 %% F⁄ , ? =109.1 %% 
 
